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Zusammenfassung
Das Ziel der vorliegenden Arbeit ist es, die Detektorantwort und die zugrundeliegen-
den Prozesse eines Röntgen- und γ-Detektors, bestehend aus einer SDD (Silizium
Drift Detektor) Zelle gekoppelt an einen CsI(Tl) bzw. einen LaBr3(Ce) Szintillator
und einem SDD Array bzw. einem pnCCD (pn Charged Coupled Device) gekoppelt
an einen CsI(Tl) Szintillator zu analysieren, um die Grenzen und Verbesserungs-
möglichkeiten für Spektroskopie - und Bildgebungsanwendungen aufzuzeigen.
Für das System SDD / pnCCD + Szintillator fehlt bisher eine Systembeschrei-
bung, die die relevanten Beiträge zur Energie- und Ortsauﬂösung auﬂistet und deren
Werte angibt. Ergebnisse aus Berechnungen und Simulationen deuten darauf hin,
dass für den einzelligen SDD + Scintillator der Hauptbeitrag zur Energieauﬂösung
von der nicht proportionalen Bildung von Szintillationsphotonen in Abhängigkeit
zur deponierten Energiedichte herrührt. Die Inhomogenität und die Eﬃzienz der
Licht- und Ladungssammlung erzeugen nach Ergebnissen aus Simulationen für die
gewählten Detektorparameter nur einen kleinen Beitrag zur Energieauﬂösung, falls
ein CsI(Tl) Szintillator verwendet wird. Diese und die restlichen Beiträge werden
für γ-Energien in dem Bereich 6 keV - 662 keV presentiert.
γ-Kameras bestehend aus einem SDD array mit 77 hexagonalen Zellen mit einer
Fläche von 8.7 mm2 pro Zelle, gekoppelt an einen 5 mm dicken CsI(Tl) Szintillator
wurden in Bezug auf ihre Orts- und Energieauﬂösung für γ-Photonen mit Energien
von 60 keV und 122 keV untersucht. Diese Kameras wurden für potentielle Anwen-
dungen im medizinischen Bereich wie zum Beispiel die Emissionstomographie bei
Kleintieren entwickelt. Die intrinsische Ortsauﬂösung erreicht Werte von 1.1 mm
(60 keV) und 0.5 mm (122 keV) und eine relative Energieauﬂösung von ca. 0.37. Er-
gebnisse aus Simulationen reproduzieren die Messwerte und deuten darauf hin, dass
die Hauptbeiträge zur Energieauﬂösung durch den geringen Abstand des Signals zum
Schwellenwert der Datenerfassung und durch die Abhängigkeit der Signalhöhe von
der Erzeugungstiefe der Szintillationsphotonen im Szintillator bestimmt werden. Die
Simulationen zeigen, dass eine Reduzierung der Szintillatordicke und insbesondere
des elektronischen Rauschens, was auch eine Verringerung des derzeitigen Schwel-
lenwertes der Datenerfassung ermöglicht, die Energie und Ortsauﬂösung verbessern.
Die Kombination eines pnCCDs mit einer Pixelgröße von 75 x 300 μm2 bzw. 300
x 300 μm2 gekoppelt an einen 0.7 mm bzw. 1 mm dicken CsI(Tl) Szintillator als
γ-Detektor für den Energiebereich von 1 keV - 150 keV wurde mittels Simulationen
untersucht, um dessen Eignung als Detektor mit einer ausreichenden Energie und
Ortsauﬂösung für Strukturanalysen an Materialien mit Hilfe von Röntgenbeugung
zu prüfen. Die Quanteneﬃzienz von pnCCDs, die zu Energien größer als 10 keV ex-
ponentiell abnimmt, wird durch die Ankopplung eines Szintillators an den pnCCD
wieder vergrößert. Das gekoppelte System wird von der pnCCD Seite her bestrahlt,
um weiterhin die sehr gute Energie und Ortsauﬂösung des pnCCDs bei niedrige-
ren Energien auszunutzen. Höherenergetische Photonen durchdringen den pnCCD
und generieren im Szintillator Photonen. Die Ergebnisse aus den Simulationen deu-
ten darauf hin, dass der Detektor, bestehend aus pnCCD + CsI(Tl), bei passender
Wahl der Detektorparameter geeignet ist, Röntgenbeugungsmuster in ausreichender
Energie- und Ortsauﬂösung im Energiebereich von 1 keV - 150 keV darzustellen.
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Abstract
The intention of this work is to analyze the detector response and the participating
processes of a X- and γ-ray detector consisting of a single Silicon Drift Detector
(SDD) cell coupled to a CsI(Tl) or LaBr3(Ce) scintillator and a SDD array or pn-
Charged Coupled Device (pnCCD) coupled to a CsI(Tl) scintillator in order to deﬁne
limitations of the detector performance and possibilities to improve it.
For the system, SDD / pnCCD + CsI(Tl) or LaBr3(Ce) scintillator, the relevant
contributions to the energy and spatial resolution are investigated and their values
are determined from results of measurements, calculations and simulations, which
have not been presented in literature yet.
Results indicate, that the main contribution to the energy resolution for a single
SDD cell coupled to CsI(Tl) or LaBr3(Ce) originates from the so called scintillator
non-proportionality. Simulations show that the light and charge collection eﬃciency
inside the system generate only a minor contribution to the energy resolution, if
CsI(Tl) is used as scintillator. These and the remaining contributions are presented
for incident γ-rays in the range from 6 keV to 662 keV.
A γ-camera consisting of a SDD array with 77 hexagonal cells and an active area
of 29 x 26 mm2, which is coupled to a 5 mm thick CsI(Tl) scintillator, has been
investigated with respect to the spatial and energy resolution for γ-rays with an
energy of 60 keV and 122 keV. These detectors have been developed for medical ap-
plications, e.g. emission tomography for small animals, with a sub millimeter spatial
resolution in the energy range of interest. The spatial resolution reaches values of
1.1 mm for 60 keV and 0.5 mm for 122 keV photons. The relative energy resolution
has a value of about 0.37. Results from simulation reproduce these results and indi-
cate that the main contributions to the energy resolution originate from a high data
acquisition threshold, due to the increased electronic noise and the dependence of
the number of signal electrons on the generation depth of the scintillation photons
inside the scintillator. A reduction of the scintillator thickness and especially the
decrease of the electronic noise, which enables a lowering of the data acquisition
threshold, improves the spatial and energy resolution.
The combination of a pnCCD with a pixel size of 75 x 300 μm2 or 300 x 300 μm2
and a CsI(Tl) scintillator of 0.7 mm or 1 mm thickness respectively were investigated
by simulations for their suitability as a γ-camera in the energy range of 1 keV - 150
keV. In particular the application as a detector for X and γ-ray diﬀraction pattern
analysis with suﬃcient spatial and energy resolution was of interest. By coupling a
scintillator onto the pnCCD a higher quantum eﬃciency of the system is reached.
The coupled system will be irradiated from the pnCCD side to utilize the good
performance of the pnCCD in the low X-ray energy range up to several 10 keV.
The pnCCD is almost transparent for hard X- and γ-ray photons, which generate
scintillation photons inside the scintillator. Results from simulations indicate that
the detector, pnCCD + CsI(Tl), is suitable to detect diﬀraction patterns in the
energy range 1 keV - 150 keV, if detector parameters are chosen and set properly.
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Glossary
E energy
Z atomic number
A atomic weight
m mass
ρ density
Φ cross section
μ mass absorption coeﬃcient
α, l=1/α absorption coeﬃcient, absorption length
dE/dx energy loss per unit path length
I mean excitation energy
w mean energy to create an electron hole pair
Neh number of electrons hole pairs
Ne number of signal electrons
Eg energy gap in semiconductors and insulators
Eph phonon energy
F Fano factor
Nph number of photons
EStokes energy of the Stokes Shift
H Hyang-Rhys parameter
Temp temperature
T transfer eﬃciency
FWHM full width at half maximum
R relative energy resolution
R˜ spatial resolution
ENCel equivalent noise charge in units of electrons
n refraction index
Var(X) variance of X
v(X) relative variance of X: Var(X)/X2
σ standard deviation
Refl reﬂectance
TARC , Tew transmittance through the entrance window
λ wavelength
QE quantum eﬃciency
CCE charge collection eﬃciency
K collection eﬃciency of scintillation photons
η system quantum eﬃciency for scintillation photons
Asv absorption eﬃciency
C conversion eﬃciency of E inside the scintillator into eh-pairs
G conversion eﬃciency of E inside the SDD into eh-pairs
P power
W transition probability
t time
tS shaping time
v
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1. Introduction
The detection of hard X- and γ-rays is interesting in diﬀerent ﬁelds such as astro-
physics, medical applications, material science, monitoring the radiation in nuclear
power plants and fusion plasmas or simply the detection of radioactive sources. Ion-
ization chambers belong to the ﬁrst detectors for radioactive radiation. The energy
deposited by the radiation is detected directly inside the gas volume. These de-
tectors can be deﬁned as direct detectors. The ﬁrst ionization chambers have been
invented in 1908 by Rutherford and Geiger [1].
In the 1950s and 1960s a second type of direct detector, the solid-state detector
with a higher stopping power than the gas chambers, emerged and have been steadily
improved in the following decades [2]. Especially detectors consisting of silicon (Si)
and germanium (Ge), which could be fabricated in a high purity have been produced
for direct X- and γ-ray detection. Si-detectors can be used for direct X-ray detection
up to 30 keV, because of its low atomic number, Z = 14, and density, ρ = 2.33 g/cm3
[3]. The stopping power of Ge-detectors for X- and γ-radiation is higher compared to
Si-detectors, due to its higher atomic number, Z = 32, and density ρ = 5.32 g/cm3.
Their disadvantage is the high leakage current at room temperature, hence the high
electronic noise, because of the small band gap of 0.67 eV at 300 K [4]. To reduce
the electronic noise to an acceptable value, the detector has to be cooled down to
the temperature of liquid nitrogen. Other, larger band gap semiconductor materials
like HgI2, CdTe and CdZnTe, which have the potential of room temperature γ−ray
semiconductor detectors have been investigated. Drawbacks of these materials are
their poorer spectral resolution compared to Ge-detectors, due to charge trapping
[5, 6, 7]. Furthermore, these materials are diﬃcult to fabricate and to process.
After the invention of the photomultiplier tube (PMT) by Kubetsky in the year
1930 a diﬀerent type of radiation detectors, consisting of a scintillator coupled to a
PMT, appeared. In these detectors the energy of the γ-radiation is deposited inside
the scintillator, where it is converted into scintillation photons (generally from the
ultra violet, UV, and visible range, Vis), which are detected by a photodetector,
which is sensitive to scintillation photons. This detector type can be deﬁned as
indirect detector and it is operated at moderate cooling temperatures compared to
Ge-detectors. There are a number of scintillators with a higher stopping power com-
pared to the materials of which room temperature γ−ray semiconductor detectors
consist of.
The energies of Vis, UV, X- and γ−ray photons are illustrated in Fig. 1.1, which
shows a part of the electromagnetic spectrum.
Scintillator + PMT detectors have been the ﬁrst choice for γ-ray detectors until
the 1990s. Their disadvantage is their high sensitivity to magnetic ﬁelds, so that
they cannot be used in medical applications and in instruments for fundamental
research, where magnetic ﬁelds are required. Furthermore the bias voltage is several
kilo volts. Hybrid photon detectors (HPD) are an alternative for PMTs, but they
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Figure 1.1.: Part of the electromagnetic spectrum.
have to struggle with the same disadvantages.
Photodiodes (PDs) have substituted the PMTs in several applications, due to a
higher quantum eﬃciency, QE, and low sensitivity to magnetic ﬁelds. The detector
performance can be improved with an avalanche photo diode (APD) as photodetec-
tor, because of a higher signal to electronic noise ratio than PDs, due to the internal
gain. The disadvantages of APDs compared to PDs are the higher sensitivity to
bias, temperature change and an additional contribution to the energy resolution
originating from the internal gain. Another promising photodetector candidate is
the silicon photomultiplier (SiPM). It has the potential to exceed the performance of
the other photodetectors. (Compared to APDs, SiPMs are operated in Geiger mode,
which reduces the contribution of the internal gain to the energy resolution). Yet
some technological issues have to be solved. The high number of dark counts, the
optical cross talk have to be reduced and the ﬁll factor, which limits the quantum
eﬃciency, has to be increased.
Advantages of a detector system consisting of a scintillator + silicon photodetec-
tor are on the one hand the possibilities to choose between a variety of scintillators
with properties, i.e. the atomic number Z, density, range of the scintillation spec-
trum, shape and thickness of the scintillator, which ﬁt best the overall detector
and photodetector requirements. On the other hand the outstanding properties of
approved and established silicon photodetectors can be maintained. Furthermore,
these detectors are more compact compared to the detector systems, scintillator +
PMTs.
The use of a silicon drift detector (SDD) as photodetector for scintillation photons
has the following advantages: a lower electronic noise compared to PDs, a lower
sensitivity to bias voltage and temperature change compared to APDs. Furthermore,
there is no internal gain degrading the energy resolution. In addition the SDD
capacitance does not depend on the detector area. The reason for these advantages
results from the SDD working principle. There is also the possibility to design the
SDD entrance window (EW), which consists of an antireﬂection coating (ARC) and
which can be optimized to ensure a high quantum eﬃciency for scintillation photons
of the used scintillators.
Silicon Drift Detectors, ﬁrst presented in 1984 by Gatti et al. [8] for X-ray de-
tection, are nowadays being used in a rising number of diﬀerent applications. As
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a result of the continuous improvements in the detector technology developed by
PNSensor and Politecnico di Milano, SDDs are established as state-of-the-art detec-
tors for energy dispersive X-ray (EDX) spectroscopy [9].
Detector systems consisting of SDDs with an ARC-Window in combination with
scintillators, such as CsI(Tl) and LaBr3(Ce), have also been developed by PNSensor
GmbH and Politecnico di Milano. Theses detectors have been investigated for the
ﬁrst time as γ-ray detectors for spectroscopy and imaging in the years 1997 and 2000
[10, 11]. Spectroscopic investigations presented in [12] showed a superior energy
resolution for gamma energies above 100 keV in comparison to photodiodes and
photomultipliers (PMTs). The spatial resolution of the imaging γ-ray detectors
consisting of SDD arrays coupled to CsI(Tl) belong to the best ever measured [13].
The aim of this work is to understand the X- and γ-ray detector system consisting
of a SDD / pnCCD (pn Charged Coupled Device) coupled to a scintillator in order
to determine limitations of the detector performance and to ﬁnd possibilities to
improve its energy and spatial resolution.
To achieve this goal, measurements have been performed with SDDs coupled
to the scintillators, CsI(Tl) and LaBr3(Ce), to determine the energy resolution,
the number of detected signal electrons inside the SDD, the electronic noise, the
quantum eﬃciency and the spatial resolution. Results from these experiments are
then compared with results from calculations and Monte Carlo simulations. The
calculated so called scintillator "non-proportionality" contribution of CsI(Tl) and
LaBr3(Ce) to the energy resolution for incident γ-rays in the energy range from 6 keV
to 662 keV is presented for the ﬁrst time in this work. Furthermore the contribution
of the light and charge collection eﬃciency to the energy resolution in the system
scintillator, reﬂector, entrance window for the scintillation light are determined. The
detector response of SDD arrays and pnCCD pixel detectors coupled to CsI(Tl) has
also been investigated.
The composition of this work is as follows: After the introduction in Chap. 1, in
Chap. 2 basic information on the interaction of photons with the detector materials
is given. The interaction process of X- and γ-ray photons in CsI and LaBr3 crystals,
the generation of scintillation photons in CsI(Tl) and LaBr3(Ce) and the detection
of photons from the near ultra-violet and visible range in a silicon are analyzed.
In Chap. 3 the concept and operation of a SDD and the principles of hard X-
and γ-ray detection with a SDD in direct detection mode or a SDD coupled to a
scintillator are depicted.
In Chap. 4 one of the basic equations of this thesis, the energy resolution for-
mula in terms of the full width at half maximum FWHM(E) respectively R(E) =
FWHM(E)/E is deduced for the case of a solid - state detector coupled to a scintil-
lator, describing all relevant contributions to R(E).
The quantum eﬃciency of the SDD for X-rays and scintillation photons is dis-
cussed in Chap. 5. The energy dependence of the quantum eﬃciency, which is
determined by the entrance window, is investigated for X-rays and photons from
the near ultra-violet and visible range. The values of the quantum and charge col-
lection eﬃciency are calculated. Also the angle dependent quantum eﬃciency is
examined.
In Chap. 6 the results of the energy dependent light yield and energy resolution
of spectroscopic measurements and simulations in the range from 6 to 662 keV are
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discussed for the detector system consisting of a single SDD cell coupled to CsI(Tl)
or LaBr3(Ce). The relevant noise contributions are investigated and their values are
determined. The contributions of the light and charge collection eﬃciency and the
scintillator non-proportionality to the energy resolution of CsI(Tl) and LaBr3(Ce)
coupled to a single SDD are analyzed in detail.
In Chap. 7 detectors consisting of SDD arrays or pnCCDs coupled to one CsI(Tl)
scintillator covering all cells are examined. Measurements and simulations of the
spatial and energy resolution have been performed for a 77 cell SDD array with
the dimensions 29 x 26 mm2 and a hexagonal cell size of 8.7 mm2 coupled to one
5 mm thick CsI(Tl) scintillator. The spatial resolutions for incident photons of
59.5 keV and 122 keV and the energy resolutions for 59.5 keV, 88 keV and 122 keV
photons have been determined. A spatial resolution of 1.1 mm and 0.5 mm have
been determined at 59.5 keV and 122 keV and an energy resolution of about 0.37.
From Monte Carlo simulations the main contribution to the energy resolution are
determined and possibilities to improve it are proposed.
Also a pixel detector consisting of a pnCCD coupled to CsI(Tl) has been investi-
gated theoretically by simulations as a detector, which extends the energy range of
the pnCCD X-ray camera into the hard X- and γ-ray range. The examined pnCCD
has pixel sizes of 75 x 300 μm2 and 300 x 300 μm2 and the CsI(Tl) scintillator has a
thickness of 0.7 mm or 1 mm. The dependency of the energy and spatial resolution
on the pixel size, electronic noise, data acquisition threshold, scintillator light yield,
scintillator thickness and the reﬂector are presented to deﬁne the best parameter
values.
In Chap. 8 the results of this work are summarized and conclusions are drawn.
4
2. Physical background of solid
state radiation detectors
2.1. Interaction of photons with matter
The main interaction processes of photons with matter are the photoelectric eﬀect,
Compton scattering and pair production. The photoeﬀect is dominant for photon
energies, E, where the ratio EK−edge/E cannot be neglected. EK−edge is the binding
energy of the K-shell electron. For energies E >> EK−edge, where the binding energy
of the K-shell electron is negligible to the incident photon energy and the electron
can be regarded as quasi free, Compton scattering becomes the dominant process.
Photons with E > 2mec2 = 1022 keV, with me the electron mass and c the velocity of
light, interact additionally via pair production, which is the process with the largest
cross section for photon energies of several MeV.
In this thesis, we are examining the direct detection of X- and γ-rays with the SDD
/ pnCCD and the indirect detection with a detector consisting of a SDD / pnCCD
coupled to a scintillator. In case of the direct detection, X- or γ-ray photons interact
with the SDD / pnCCD via the processes described above, by depositing the full
or a part of their energy inside the SDD / pnCCD, generating signal electrons. In
case of the indirect detector, the X- or γ-ray photons deposit their energy inside
the scintillator, generating electron hole pairs, which have a certain probability to
recombine radiatively, producing scintillation photons, which are transferred with a
certain eﬃciency into the SDD / pnCCD. Scintillators generally produce scintillation
photon spectra in the near ultra violet (UV) and visible (Vis) energy range [14]. The
scintillation photons generate electron hole pairs via photo eﬀect inside the SDD /
pnCCD. The generated and collected electrons are the signal charge carriers.
The diﬀerence between the photo eﬀect triggered by X- and γ-ray or scintillation
photons is that in the ﬁrst case the electron is ejected from a core shell into the
continuum with a certain distance to the ionized atom. Whereas in the second case
the electron is excited from the valence into the conduction band.
In the following we investigate the material and energy dependence of the absorp-
tion coeﬃcient for X-, γ-ray photons, due to the photo eﬀect, Compton scattering
and pair production in Si, CsI and LaBr3. We also investigate the absorption coef-
ﬁcient of photons from the Vis and near UV range in Si. Furthermore the number
of electron hole pairs produced by one photon is examined in the energy range 1.24-
8.2 eV. In the X- and γ-ray range the mean energy to create one electron hole pair
and the Fano factor are analyzed.
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2.1.1. Interaction of X- and γ-rays with Si, CsI and LaBr3
At ﬁrst we turn our attention towards the cross sections of the photo eﬀect, Compton
scattering and pair production and calculate the absorption coeﬃcient of X- and γ-
rays in Si, CsI and LaBr3.
The photoelectric eﬀect occurs only to bound electrons, due to simultaneous en-
ergy and momentum conservation. The total photon energy is absorbed by the
electron, which is ejected from the atom with the kinetic energy Ekin = E - Eb, with
E the photon energy and Eb the electron binding energy.
For photon energies larger than the K-edge energy of the material, E >> EK , but
for non-relativistic energies, E << mec2 = 511 keV, the photoelectric cross section
of the K-shell per atom, Φp, can be expressed in the Born approximation by
Φp−K = 4
√
2α˜4Z5Φ0
(
mec
2
E
) 7
2
(2.1)
where me is the electron mass, c the velocity of light, Z the atomic number, Φ0 =
8πr2e/3 = 6.651 x 10−25 cm2, α˜ = 1/137 the ﬁne structure constant and re the
electron radius [15, 16]. The deviation of Eq. 2.1 is small for photon energies
E < 0.5mec2 = 255.5 keV [15]. For relativistic energies, E ≥ mec2, Sauter [17]
derived in the Born approximation the formula:
Φp−K,rel =
3
2
α˜4Z5Φ0
(γ + 1)3/2
(γ − 1)7/2
[
4
3
+
γ(γ − 2)
γ + 1
(
1− 1
2γ
√
γ2 − 1 ln
(
γ +
√
γ2 − 1
γ −√γ2 − 1
))]
(2.2)
where
γ =
1√
1− v2e
c2
=
E +mec
2
mec2
. (2.3)
ve is the velocity of the photo electron. In the Born approximation the kinetic
energy of the scattered particle is small compared to that of the incident particle
and large compared to the ionization energy [15]. In this case the wave function of
the scattered particle can be approximated by plane waves. The Born approximation
is not valid for photon energies close to the ionization energy (K-edge) and for heavy
elements [15]. These disturb the wave functions of the scattered particles by their
stronger potential energy in such a way, that the plane wave approximation does
not hold anymore. In this case the exact wave functions of the continuous spectrum
must be used instead of the plane waves. Eq. 2.1 must be multiplied by a correction
factor [15, 18]:
f (ξ) =
√
2πZ
137
√
mec2
E
exp(−4ξarccot(ξ))
1− exp(−2πξ) (2.4)
where ξ =
√
˜I
E−˜I and I˜ = 0.5
Z2
1372
mec
2, which yields the exact non-relativistic total
cross section of the K-shell photo eﬀect [15]
Φp−K,exact = 8πα˜5Z6Φ0
(
mec
2
E
)8
exp(−4ξarccot(ξ))
1− exp(−2πξ) . (2.5)
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The correction factor in Eq. 2.4 has also been used to correct the photoelectric cross
section for heavier elements in the relativistic regime given by Eq. 2.2 [19].
The scattering of X- and γ-ray photons on quasi free electrons is called Compton
scattering. The electrons in the inner atomic shells, the valence and the conduction
band of a solid are quasi free, if their binding energy is negligible compared to the
photon energy. The cross section for the Compton scattering per atom is described
by the formula:
Φc = 2πr
2
eZ
{
1 + κ
κ2
[
2(1 + κ)
1 + 2κ
− 1
κ
ln(1 + 2κ)
]
+
1
2κ
ln(1 + 2κ)− 1 + 3κ
(1 + 2κ)2
}
(2.6)
where κ = E/mec2 [16].
The third process is called pair production and occurs only close to a third particle,
due to energy and momentum conservation. The minimum energy necessary for
this process to happen is Emin = 2mec2(1 + me/M), where M is the mass of the
third particle. The cross section for pair production in the vicinity of a nucleus is
proportional to
Φpair,nucl ∝ α˜r2eZ2. (2.7)
In this work we investigate the interaction of photons with an energy below 1 MeV
with CsI(Tl) and LaBr3(Ce). Pair production does not occur in this energy range
and therefore it is discussed in App. A.1.1 for the interested reader.
The total cross section for a photon interacting with matter is
Φ = Φp + Φc + Φpair (2.8)
and the mass absorption coeﬃcient
μ
ρ
=
N [1/cm3]Φ[cm2]
ρ[g/cm3]
=
nNAΦ[cm
2]
nM [g]
=
NAΦ
M
[cm2/g] (2.9)
with N the density of atoms, NA the Avogadro number, n the number of mole and
M the molar weight. For compounds and mixtures
μ
ρ
=
∑
i
Wi
(
μ
ρ
)
i
(2.10)
where Wi is the weight fraction and (μ/ρ)i the mass absorption coeﬃcient of each
element in the compound [20]. The absorption coeﬃcient is then μ = (μ/ρ) · ρ.
To exhibit a large absorption coeﬃcient, hence a high stopping power, for X- and
γ-rays, scintillators should have a high atomic number, Z, and density, ρ, but a low
molar weight, M. A high Z number increases the cross section for photo eﬀect, so
that the energy, where the Compton process becomes important is shifted to higher
energies. Thus detectors of materials with a high Z number are favoured, because
the background from Compton events is lower.
Fig. 2.1 shows the absorption coeﬃcient of CsI, LaBr3 and Si, calculated with
the formulas 2.2 - 2.10 and A.2. The absorption coeﬃcients for the photo eﬀect,
Compton scattering and pair production in CsI and Si are also presented (Fig. 2.1
black lines). In case of the photo eﬀect the used cross sections are Φp−K,exact (Eq.
7
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Figure 2.1.: left Fig.: Calculated overall absorption coeﬃcient for CsI (green) and
LaBr3 (blue) with the cross sections given in Eq. 2.5, 2.2 times 2.4, 2.6
and A.2; Absorption coeﬃcients of the photo eﬀect, Compton scattering
and pair production for CsI (black curves); right Fig.: Calculated total
absorption coeﬃcient for Si (purple), composed of the absorption coeﬃ-
cients for the photo eﬀect, Compton scattering and pair production for
Si (black curves).
2.5) and Φp−K,rel · f(ξ) (Eq. 2.2 and 2.4) in the range 40 keV ≤ E < 475 keV and
E ≥ 475 keV. Φp−K,exact is not accurate in the energy range 0.5mec2 < E < mec2.
There is no analytical formula for the photoelectric cross section in this energy
range. The curve of μp[CsI] has a discontinuity at E = 475 keV (Fig. 2.1 on
the left), because the formula Φp−K,exact is substituted by Φp−K,rel · f (ξ) from the
discontinuity to higher energies.
The total absorption coeﬃcient for the photo eﬀect decreases with increasing
energy and has the same magnitude as the absorption coeﬃcient for Compton scat-
tering around 200 keV in CsI and LaBr3 and around 50 keV in Si. The diﬀerence
in energy is due to the higher atomic number and density of CsI and LaBr3 com-
pared to Si. For photons with energies of about 50 keV the absorption coeﬃcient
is about 60 cm−1 and 40 cm−1 for CsI and LaBr3 and about 1 cm−1 for Si (Fig.
2.1). In Fig. 2.2 the absorption coeﬃcients of γ-rays in Si, Ge, LaBr3 and CsI are
plotted in the energy range from 1 keV to 10 MeV. In the energy range from 10 keV
to 100 keV the absorption coeﬃcients of Ge, LaBr3 and CsI are 1 to 2 orders of
magnitude larger compared to Si. For higher γ-energies 100 keV < E < 1022 keV
the diﬀerence decreases below one order of magnitude, because the absorption co-
eﬃcient is determined in this energy range mainly by the Compton eﬀect, which
depends linearly on the atomic number Z. On the one hand the overall absorption
of the system can be increased by increasing the thickness of the scintillators. On
the other hand, increasing the thickness of the semiconductor detector has a lot of
technological challenges. The leakage current and the bias voltage of thicker semi-
conductor detectors are larger, thus its thickness is limited. In Fig. 2.3 the energy
8
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Figure 2.2.: Absorption coeﬃcients of Si, Ge, LaBr3 and CsI are taken from [21]
and [22].
Figure 2.3.: Calculated ratio of absorbed to incident photons in a 450 μm thick Si,
2 cm thick LaBr3 and CsI with values from Fig. 2.2.
9
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dependent absorption of γ-rays in a 2 cm thick LaBr3 and CsI and 450 μm thick Si
is shown. The energy threshold for 100 % absorption in 2 cm thick LaBr3 and CsI
is more than one order of magnitude higher (E < 100 keV) compared to a 450 μm
thick Si (E < 10 keV).
Interaction of electrons with matter
The photo eﬀect and Compton scattering generate free electrons with a certain ki-
netic energy and holes in valence bands and atomic shells. The excited atoms relax
via generation of Auger electrons and/or ﬂuorescence photons, which again gener-
ate free electrons and/or ﬂuorescence photons. The photo, Compton and Auger
electrons can generate secondary electrons by inelastic collisions with atomic elec-
trons, leading to the ionization of the atom. For the investigated γ-energies, E <
1 MeV, the energy loss of electrons by bremsstrahlung can be neglected. Below 1
MeV the diﬀerential energy loss of an electron per unit path length in matter can
be approximated by the equation developed by Bethe [19]
−dE
dx
=
e4NAρZ
4π20Amev
2
ln
(
1.166
mev
2
2I
)
=
e4NAρZ
4π20Amec
2β2
ln
(
1.166
Ee
I
)
(2.11)
where e is the electron charge, NA the Avogadro number, A the atomic weight, v the
relativistic velocity of the incident electron, β = v/c, I the mean excitation energy
of the atoms inside the medium and Ee the kinetic energy of the incident electron.
For compound materials the eﬀective values of Z, A and I have to be used instead
[16]:
Z =
∑
aiZi
A =
∑
aiAi
I = exp
(∑ aiZiln (Ii)
Ztot
)
,
(2.12)
where ai is the number of atoms of the i-th element in the compound molecule.
The eﬀective values for CsI and LaBr3 are Z(CsI) = 108, A(CsI) = 259.8, I(CsI) =
553 eV and Z(LaBr3) = 162, A(LaBr3) = 378.6, I(LaBr3) = 455 eV. For Ee close
to I formula 2.11 becomes inaccurate and for Ee = I/1.166 it is zero. The mean
excitation energy, which is about several hundreds of eV is determined from ﬁts to
experimental data for Ee of a few keV and larger in literature [24]. For Ee falling
below the binding energy of electrons in a certain atomic shell, the mean excitation
potential I decreases as well. It has been proposed to substitute the constant I in
formula 2.11 by an energy dependent mean excitation energy I ′ given by [24]
I
′
=
I
1 + k I
Ee
. (2.13)
Inserting I ′ instead of I into formula 2.11 yields:
−dE
dx
=
e4NAρZ
4π20Amec
2β2
ln
(
1.166
Ee + kI
I
)
(2.14)
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Figure 2.4.: Mean energy loss of electrons depending on the electron energy in CsI,
LaBr3 and Si. The mean excitation energies are ICsI = 553 eV, ILaBr3
= 455 eV and ISi = 173 eV [23].
Fig. 2.4 shows the energy loss of electrons depending on their kinetic energy up to
1 MeV, described by Eq. 2.11 (solid lines) and Eq. 2.14 (dotted lines) where k =
2.8. A value of k = 2.8 has been proposed in [25] for scintillators down to electron
energies equal to the mean excitation energy, Ee = I.
The path length of the electron inside the medium can be calculated by
s(Ee) =
∫ 0
Ee
dE
−dE/dx = s0 +
∫ Ee,thr
Ee
dE
−dE/dx (2.15)
where s0 is the path length of the electron with energies below the threshold energy,
Ee,thr, at which formula 2.11 or 2.14 become inaccurate. In Fig. 2.5 the path lengths
of electrons in CsI, LaBr3 and Si are plotted against the energy of the incident
electron, using the parameters k = 2.8, s0 = 0 and Ee,thr = 150 eV. The path length
is not the penetration depth inside the medium, which is shorter, due to the angle
dependent multiple scattering of the electron. The value of the deposited energy per
path length for an incident electron decreases by about two orders of magnitude,
if the kinetic energy of the electron increases from 1 to 1000 keV. Electrons with a
lower kinetic energy generate a higher ionization density.
Another important fact is the change of -dE/dx along the track, due to the re-
duction of the kinetic energy of the electron. Fig. 2.6 shows the value of -dE/dx
along the track inside CsI covered by an incident electron with a kinetic energy of
Ee = 10 keV at the beginning of the track. It shows that -dE/dx increases slowly
along the track and faster at the end of the electron track.
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Figure 2.5.: Path length of electrons in CsI, LaBr3 and Si as a function of their
energy.
Figure 2.6.: Deposited energy per track length for an incident electron with an energy
of 10 keV along its track inside CsI. After a path length of about 1.2 μm,
the electron has an energy of Ee = ICsI left. ICsI is the mean excitation
energy in CsI.
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Furthermore -dE/dx ﬂuctuates at each position along the track for a constant
kinetic energy of the incident electrons. These ﬂuctuations can be described by
Landau ﬂuctuations [26]. The probability distribution of these ﬂuctuations can be
approximated by the Moyal distribution [27]:
Moyal(ζ) =
1√
2π
exp
[
−1
2
(ζ + exp (−ζ))
]
[27] (2.16)
where
ζ =
1
B
(
−dE
dx
−
(
−dE
dx
)
max
)
(2.17)
and
B =
e4NAρZ
4π20Amev
2
=
e4NAρZ
4π20A2Ee
(2.18)
the factor in front of the logarithm in Eq. 2.11. The advantage of the Moyal
compared to the Landau distribution is, that the mean value and variance have
an analytical form. The full width at half maximum of the Moyal distribution is
FWHMMoyal = 3.58·B.
Figure 2.7.: Fluctuations of -dE/dx described by the Moyal distribution for electrons
with kinetic energies of 10 keV and 662 keV in CsI.
Landau’s theory states that the deposited energy of charged particles after their
passage through thin layers is subjected to ﬂuctuations [26, 27]. The electron path
inside the scintillator can be divided into thin layers, in which the ﬂuctuations of
the energy deposited by electrons are described by Landau ﬂuctuations. Fig. 2.7
shows the distribution of the ﬂuctuations of -dE/dx, which are approximated by the
Moyal distribution, for two diﬀerent electron energies, 10 and 662 keV. The solid
line describes the Moyal distribution, if Ee is substituted by Ee = Ee + k · I, in
equivalence to the correction of the Bethe formula at low electron energies.
Conversion of the deposited energy into eh-pairs
On its path through the medium the electron generates a number of electron hole
(eh) pairs until it reaches a threshold energy below which its remaining kinetic
13
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energy is deposited through other processes, such as the generation of plasmons and
phonons. The mean number of generated eh-pairs after the deposition of a certain
energy, E, inside the medium, can be determined, if the mean energy, w, to create
an eh-pair and the Fano factor, F, in the material is known:
N eh =
E
w
. (2.19)
An approximation for w in semiconductors and insulators (scintillators) is the for-
mula
w = a · Eg + rEph (2.20)
where r is the mean number of excited phonons, Eph the phonon energy and r ·Eph
the mean energy converted into phonon excitations. For wide band gap materials
a = 2 and rEph = 1.43 eV [28]. The energy gap of silicon is Eg = 1.12 eV at 300
Kelvin [3]. Inserting this value into formula 2.20 yields w = 3.67 eV. For photon
energies larger than 200 eV, mean energies to create an electron hole pair of w = 3.63
[29, 30] and 3.66 eV [31, 32] have been presented in literature. The energy gap of CsI
and LaBr3 are 6.1 eV [33] and 5.6 eV [34]. Formula 2.20 yields w ≈ 13.6 eV for CsI
in good agreement to w = 13.3 eV, which has been determined from measurements
and is presented in [35]. For LaBr3 it yields w ≈ 12.6 eV. Results of w for CsI
from Monte Carlo simulations presented in [36] show a decreasing value from 19 to
15.2 eV with an increasing energy from E = 100 eV to 10 keV. For E >10 keV w
remains constant at 15.2 eV. In this work the mean energy to create an electron hole
pair is set to 14 eV for CsI and 13 eV for LaBr3.
The Fano factor introduced by Fano [37, 38] describes the deviation of the vari-
ance of the number of ionizations produced by charged particles in gas chambers
from Poisson statistics. The Fano factor has also been adapted for semiconductor
detectors [39] in order to describe the diﬀerence of the measured variance, Vmeas,
of the number of generated eh-pairs, Neh, by charged particles from the variance
described by Poisson statistics:
V armeas (Neh) = F · V arpois (Neh) = F ·N eh. (2.21)
In literature F has been calculated for diﬀerent semiconductors with a value F =
0.115 for silicon [29]. Results of calculations for CsI presented in [36] show that
F increases with increasing energy and remains constant at F = 0.28 for energies
larger than 1 keV.
The physical reason for the variance of the number of generated eh-pairs around
its mean value N eh is the following. The deposited energy E by X- or γ-ray photons
is distributed among Compton, photo and Auger electrons and core and valence
band holes. These electrons generate further electrons by ionization (leaving holes
in the valence band). Generation of secondary electrons by ionization continuous
until the energy of all generated electrons reach an energy threshold Eth, below
which no further electrons and holes can be generated by inelastic electron electron
scattering [29, 30]. Due to the fact, that the generated electrons (holes) can occupy
an energy range Eg < Ee < Eth, the deposited energy E can be distributed among
a varying number of electrons (holes) from event to event. Furthermore the energy
of the electrons (holes) is also dissipated into a number of phonons and plasmons,
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which is also varying from event to event, increasing the variation of the number
of generated electrons (holes) [29, 30]. The variation of N eh,j from one event j to
another results in the variance given by formula 2.21.
2.1.2. Interaction of UV−Vis photons with Si
The maximum intensity of the scintillation spectrum of most of the scintillators is
in the near ultra violet and visible (UV−Vis) range. These photons interact with
silicon mainly via the so called "inner" photo eﬀect, where electrons from the valence
band or impurity states are excited into higher available energy states, which can
be higher impurity states or conduction bands. But there is also the probability for
excitations within the same band [40].
Figure 2.8.: Bandscheme of silicon after [41]
For certain photon energies the joint density of states of the conduction and
valence band becomes maximum. This leads to the so called Van Hove singularities
in the joint density of states (see A.1.2). In Fig. 2.8 the band structure of intrinsic
silicon is illustrated [41]. Two regimes with an excitation energy E1 and E2, give rise
to Van Hove singularities, hence to characteristic points of the absorption of silicon
at E = E1 and E2 (Fig. 2.9).
For photon energies close to the energy gap, phonons have to participate in the
absorption process, with the emission or absorption of at least one phonon, because
silicon is an indirect semiconductor. Thus the excitation of an electron from the
valence into the conduction band by photons with energies around the energy gap
of silicon, Eg, is a second order process with a lower absorption coeﬃcient compared
to the ﬁrst order direct transitions for photon energies ≥ 3.3 eV, which is explained
in more detail in A.1.2. Fig. 2.9 shows the absorption coeﬃcient of intrinsic silicon,
which has been taken from [42].
If silicon is doped with impurities, the so called Mott transition occurs at doping
concentrations of about 1018 cm−3 [40]. At higher doping concentrations electrons
or holes localized on the donators or acceptors become free carriers.
For heavily doped semiconductors the absorption coeﬃcient is larger, compared
to lowly doped and intrinsic silicon. This is due to a narrower energy gap [43].
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Figure 2.9.: Absorption coeﬃcient of intrinsic silicon at 300 Kelvin. Data are taken
from [42].
Furthermore, at high doping levels the high density of charge carriers enables an ad-
ditional absorption process, where a charge carrier transfers the suitable momentum
to the excited electron instead of a phonon. There is a third absorption process in
heavily doped semiconductors. This is the free carrier absorption, where electrons
or holes are excited within the same band. These three processes lead to an increase
of the absorption coeﬃcient in doped silicon compared to intrinsic silicon in the
energy range below 3.3 eV. Fig. 2.10 shows the absorption coeﬃcient of intrinsic
Figure 2.10.: Absorption coeﬃcient of intrinsic and phosphor or boron doped silicon
at 300 Kelvin. Data are taken from [42, 43, 44, 45].
and heavily doped silicon. Calculated absorption coeﬃcients in the range 400 to
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1200 nm are presented in App. A.1.2.
In Fig. 2.10 absorption coeﬃcients of photons are shown for intrinsic and heavily
phosphor or boron doped silicon in the range from 300 to 1100 nm. For photons with
wavelengths in the range from 370 to 700 nm the absorption coeﬃcient in heavily
doped silicon is larger as in intrinsic silicon by a factor up to 3. To longer wavelengths
this diﬀerence increases and reaches a value of more than 3 orders of magnitudes at
1150 nm. Due to the fact, that the maximal doping concentration of silicon inside
the SDD / pnCCD entrance window is at least one order of magnitude lower than
the doping concentration of silicon shown in Fig. 2.10, the absorption coeﬃcient
inside the p-doped part of the SDD / pnCCD entrance window is approximated by
that of intrinsic silicon in the considered range from 300 to 1000 nm in this work.
Intrinsic silicon becomes transparent for photon energies below E = Eg - Eph = 1.12 -
0.05 eV = 1.07 eV (λ = 1160 nm), whereas for heavily doped silicon the absorption
coeﬃcient increases slowly to longer wavelengths, due to free carrier absorption.
Another important material parameter is the number of electron hole pairs, hence
the number of signal electrons, generated by one absorbed photon from the UV -
Vis range, which is denoted as the internal quantum eﬃciency (iQE). Fig. 2.11
presents the measured iQE for a silicon pn-detector. Coming from low energies or
Figure 2.11.: Internal quantum eﬃciency of a silicon pn-detector taken from [46].
long wavelengths the iQE increases to 1 from 1000 to 950 nm [46]. In the wavelength
rage from 950 to 300 nm the iQE remains constant at 1 [46]. To shorter wavelengths
the iQE increases, so that there is the probability that one photon generates more
than one electron hole pair.
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2.2. Light generation in scintillators: CsI(Tl) and
LaBr3(Ce)
Scintillators are materials, which convert a part of the energy deposited by X-, γ-
ray photons or ionizing particles into UV-Vis photons, which can be detected by a
photodetector like PMTs, PDs, APDs, SiPMs and SDDs / pnCCDs.
The ﬁrst scintillators have been produced in the late 1800s [47]. From the begin-
ning of the 1900s until today many scintillators with diﬀerent properties have been
developed. Inorganic scintillators are often used in combination with photodetec-
tors as γ-ray or particle detectors, because of their high stopping power, due to a
high density, ρ, and atomic number, Z. The conversion of the deposited energy into
Figure 2.12.: Beginning of one possible path of secondary particles generation after
the interaction of a γ-ray with the scintillator.
scintillation photons includes the following steps:
1. generation of electrons and holes by an incident high energetic photon (Fig.
2.12)
2. generation of secondary electrons, holes, photons (Fig. 2.12) and plasmons
3. thermalization of electrons and holes (Fig. 2.13)
4. energy and charge transfer to luminescence centers (Fig. 2.13)
5. radiative (generation of scintillation photons) or non-radiative decay of the
excited luminescent centers (Fig. 2.13)
[14, 48].
The mean number of generated scintillation photons is
Nph = N eh · S ·Q = E
w
S ·Q. (2.22)
Eq. 2.22 is a phenomenological approach, which describes the mean number of
generated scintillation photons, Nph, after an interaction of an incident photon,
18
2.2. Light generation in scintillators: CsI(Tl) and LaBr3(Ce)
Figure 2.13.: Processes following the thermal relaxation of the produced electrons and
holes to their recombination via scintillation photon generation.
which deposits the energy E inside the scintillator [14]. Nph depends on the mean
energy, w, to create an electron hole pair, the mean transfer probability S, of the
energy of thermalized eh-pairs to the excited states of luminescence centers and the
mean probability, Q, for radiative relaxation of the excited luminescence centers, A∗
(see Fig. 2.13).
Calculations for CsI presented in [36] indicate that w remains constant for energies
above 10 keV. On the contrary S varies with the deposited energy over the whole
energy range from several 100 eV to several 100 keV [49]. In this work it will
be shown that the dependence of S on the deposited energy in combination with
other particular scintillator properties and the ionization density lead to an energy
dependent light yield and a degradation of the intrinsic energy resolution of the
scintillator.
The light yield of scintillators is deﬁned by equation
L(E) =
Nph
E
=
S ·Q
w
, (2.23)
which is the mean number of generated scintillation photons Nph divided by the
deposited energy, E. Manufacturers of scintillators generally specify an energy inde-
pendent light yield, which is often deﬁned as the light yield at 662 keV.
The mean number of created eh−pairs, N eh, follows from N eh = E/w. For a γ
energy of E = 662 keV and w ≈ 13 eV (see Sec. 2.1.1) a value of N eh ≈ 51000,
which corresponds to about 77 eh-pairs/keV, is calculated. A light yield of L ≈ 65
photons/keV for an absorbed energy of 662 keV in CsI(Tl) and LaBr3(Ce) have been
presented in [50, 51]. Inserting N eh and L for 662 keV into Eq. 2.23 yields the result
S ·Q ≈ 0.84, what means that only a fraction of 0.84 of the generated electrons and
holes are captured and recombine radiatively.
From Eq. 2.22 and 2.20 it can be deduced that scintillators with small band gaps
and S, Q as close as possible to 1 reach a maximal light yield L.
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The transfer probability, S, of thermalized electrons and holes to activators de-
pends on the following processes:
1. limitation of charge carrier capture probability at luminescence centers
2. trapping due to unwanted impurities
3. ∗ low ionization densities in combination with low and unequal mobilities for
electrons and holes reducing the probability of ﬁnding each other before re-
combining non radiatively (Occurs at low ionization densities, mainly in alkali
halide scintillators.)
[14, 48, 52, 53, 54]. Competing processes for non-radiative transitions from excited
activator states are:
1. thermal quenching, caused by electron-phonon coupling and the emission of
phonons instead of photons
2. concentration quenching for high concentrations of activators, caused by the
migration of the energy from one activator to the next until a quenching site
is reached
3. quenching due to energy levels of the excited activator states close to or inside
the conduction band with a high probability for the electron to be excited into
a free state again
4. ∗ high ionization densities in combination with low mobilities, which lead to
an Auger like quenching of excitations
[14, 48, 53, 54].
All these non-radiative transitions reduce the radiative recombination eﬃciency, Q,
which is further investigated in App. A.2 (Eq. A.28). The processes listed in the
enumeration points 3∗ and 4∗ are proposed to be the cause of the so called non-
proportionality in scintillators [52, 53, 54], which will be discussed in detail in Chap.
6.
The scintillators investigated in this work are Thallium (Tl) doped CsI and Cerium
(Ce) doped LaBr3. Tl is supposed to be substitutionally integrated onto Cs and Ce
onto La sites of the host lattice. The electron conﬁguration of free atoms and atoms
bound inside these scintillator crystals are presented in Table 2.1. Due to spin-orbit
coupling the ground and excited states of Tl+ and Ce3+ are supposed to be split
into multiplets (see Fig. 2.14), which are named 2S+1LJ , where S is the total spin,
L the total angular momentum and J = L + S the total electronic momentum.
The selection rules for an electric dipole transition are ΔJ = 0,±1, ΔS = 0 and
J = 0 → J ′ = 0 is forbidden. In case of spin-orbit coupling the selection rule
ΔS = 0 is not strong. Black and green arrows in Fig. 2.14 show allowed transitions,
which have a fast decay time of several 10 ns, whereas partly allowed transitions
with a slow decay time of several 100 ns are illustrated by the orange arrow. The
position of the ground and excited states relative to the valence band maximum and
conduction band minimum determines the capture probability of holes and electrons.
The capture probability is 0, if the states reside inside the valence and conduction
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free atom configuration free atom configuration
Cs [Xe]6s La [Xe]5d6s2
I [Kr]4d105s25p5 Br [Ar]3d104s24p5
Tl [Xe]4f145d106s26p Ce [Xe]4f26s2
CsI(Tl) LaBr3(Ce)
atom inside configuration atom inside configuration
lattice lattice
Cs+ [Xe] La3+ [Xe]
I− [Xe] Br− [Xe]
Tl+ [Xe]4f145d106s2 Ce3+ [Xe]4f1
(Tl+)∗ [Xe]4f145d106s6p (Ce3+)∗ [Xe]5d
Table 2.1.: Electron conﬁguration of free and bound atoms in the scintillators CsI(Tl)
and LaBr3(Ce). * denotes the excited state. [48]
Figure 2.14.: Multiplet, due to spin-orbit coupling, of the ground and excited state of
Tl+ and Ce3+ with allowed (black and green arrows) and partly allowed
(orange arrows) electric dipole transitions. (from [48])
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band. If the ground or excited states are close to the valence or conduction band
with an energy diﬀerence around ΔE = kBTemp ≤ 25 meV at room temperature,
where kB is the Boltzmann constant and Temp the temperature, then the capture
probability depends strongly on the temperature. A low capture probability of the
Tl+ and Ce3+ states increases the probability that electrons and holes are captured
by shallow or deep traps with an increase of non-radiative recombination.
The energy of the Ce3+ ground state (2F5/2) is supposed to be about 0.9 eV above
the valence band edge and the lowest excited state (2D3/2) 4 eV above the lowest
ground state and 0.7-1 eV below the conduction band edge [55]. These energy states
of Ce3+ are optimal for capturing electrons and holes without any quenching caused
by temperature. The scintillation in LaBr3(Ce) is claimed to originate from the
allowed electric dipole transitions from the lowest excited (Ce3+)* 5d energy level,
2D3/2, to the Ce3+ 4f ground states, 2F7/2 and 2F5/2 (Fig. 2.14 green arrows) [55].
In literature the position of the ground states of T l+ relative to the valence band
maximum in CsI has been determined from calculations to be 0.73 eV and a value
of 1.5 eV has been inferred from experiments [56]. The origin of the scintillation
spectrum in CsI(Tl) is more complicated. The lowest excited Tl+ state with a
partially allowed electric dipole transition into the ground state 1S0 is the triplet
state 3P1. It is claimed that the radiative transition 3P1 →1 S0 contributes to the UV
range of the scintillation spectrum [57]. The crystal environment around Tl leads
to a splitting of the degenerate triplet state 3P1 into two states, creating two weak
emission bands in the ultra violet range at 3.09 and 3.31 eV of the transition 3P1 →1
S0 [58]. This transition is assigned to the UV portion of the CsI(Tl) scintillation
spectrum (see Fig. 2.15 left shoulder at about 400 nm of the green curve) and
it has a low intensity compared to the visible portion [59]. The visible part of the
scintillation spectrum is attributed to the recombination of two kinds of self trapped
excitons (STEs) perturbed by a Tl+ ion, the so called "weak oﬀ" and the "strong
oﬀ" STE with emissions around 485 nm and 550 nm [60, 58, 61, 57], which can be
described by
e+ VkT l
+ = e+ I−2 T l
+ → (I2−2 )∗T l+ → 2I−T l+ + hν (2.24)
[48], where Vk is a hole localized between the two anions, I−, and STE = (I2−2 )∗.
The STE is composed of a Vk center and a trapped electron. The STE is a system
of two spins, which can couple in such a way to build triplet and singlet states.
The singlet state is supposed to have a higher energy than the triplet states, so
that the slower transition from the triplet state dominates the decay time at low
temperatures [58, 60]. At room temperature the decay time is faster, due to a higher
number of electrons in the singlet state [58].
Besides the number of transitions, which contribute to the radiative transitions,
the width of the scintillation spectrum is also determined by the coupling of the
excited states to phonons, which has an inﬂuence on the radiative decay time too.
The spontaneous transition probability for the electric dipole transition without and
with inclusion of lattice vibrations is discussed in more detail in App. A.2.
Observed decay times range from about 10 ns for allowed dipole transition (se-
lection rules) on free atoms and molecules to values larger than 1 ms for triplet to
singlet transitions in some molecules [62]. For a short scintillation decay time also
the energy between the ground and excited state, Eba = hc/λ, and the index of
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refraction have to be as large as possible. One reason for the slow scintillation decay
times in the range from several 0.1 to several 1 μs in CsI(Tl) [59] in contrast to
about 30 ns in LaBr3(Ce) [63] at room temperature is attributed to the fact, that
triplet states are involved into the emission of scintillation light in CsI(Tl) with par-
tially allowed transitions from the excited into the ground state of the luminescence
center.
The eﬀect of lattice vibrations is not to change the overall transition probabil-
ity, but to alter and broaden the absorption and emission band shape (Fig. A.3),
which can be determined from photoluminescence measurements, which excite the
medium with photon energies smaller than the ionization energies of the atoms [14].
The luminescence caused by ionizing radiation is called radioluminescence and leads
generally to several emission bands, because of the existence of several luminescence
centers. Moreover the absorption and emission spectra are shifted in energy against
each other (Fig. A.3), so that their overlap is minimized, reducing self-absorption,
for an increasing coupling of the electronic states with lattice vibrations. This shift
is called Stokes Shift (Fig. A.3), EStokes, which is speciﬁed as the energy diﬀerence
between the absorption and emission band maximum and can be expressed by the
Hyang-Rhys parameter, H [64]:
EStokes = (2H − 1)Eph (2.25)
where Eph is the energy of the phonon. A stronger coupling between electronic
states and lattice vibrations (phonons) leads to a larger Stokes Shift. The Stokes
LaBr3(Ce) CsI(Tl)
emission maximum [eV] 3.48a 3.21a 3.31b 3.09b 2.55b 2.25b
emission maximum [nm] 356 386 375 401 486 551
decay time [μs] at 300 K 0.03f ? ? 0.7-16 e 0.55-0.9 e
Stokes Shift[eV] 0.55a 1.01b 1.13b 1.74b 2.03b
optical phonon Eph[meV] 15c 11d
calculated Intensity 1 1.7 1 1.7 13 67.5
calculated H 19 46 52 80 93
calculated Γ[eV] at 300 K 21 0.28 0.3 0.37 0.4
calculated Γ[nm] at 300 K 23 26 32 39 71 99
Table 2.2.: Summarization of the energy of the emission maximum, decay time,
Stokes Shift, optical phonon energy, intensity, Hyang-Rhys parameter
H and width Γ of the emission bands in LaBr3(Ce) and CsI(Tl) a:[65],
b:[58], c:[66, 67], d:[48], e:[59], f :[63].
Shift and the energy of optical phonons in LaBr3(Ce) and CsI(Tl) are listed in
Tab. 2.2. Inserting EStokes and Eph into Eq. 2.25 yields the Hyang-Rhys parameter
(Tab. 2.2). The temperature dependent absorption and emission (luminescence)
bandwidth can be described by
Γ(Temp) = 2.35Eph
√
H · coth
(
Eph
2kBTemp
)
. (2.26)
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where kB is the Boltzmann constant and Temp the temperature. In this special
case the absorption and emission band are mirror images. From Eq. 2.26 the band
widths for LaBr3(Ce) and CsI(Tl) at 300 Kelvin are calculated and presented in
Tab. 2.2. The decay time of LaBr3(Ce) is much faster than that of CsI(Tl), so
that it is suitable in detector applications, which have to resolve high count rates.
The advantage of CsI(Tl) compared to LaBr3(Ce) is that its emission spectrum
peaks at longer wavelengths, around 550 nm compared to 355 nm. The challange
to build a photodetector with a high quantum eﬃciency is larger for photons from
the ultra violet range, because a large amount of photons is absorbed inside the
entrance window, due to a shorter absorption length compared to photons from the
visible range. Furthermore the self-absorption should be lower in CsI(Tl) compared
to LaBr3(Ce), because of a larger Stokes Shift. The intensities, which are the sum
of several Gaussian peaks, used in the calculations in Fig. 2.15 (dotted lines) have
been chosen to ﬁt the measured scintillation emission spectra.
Figure 2.15.: Normalized scintillation spectra of LaBr3(Ce) [63, 68] and CsI(Tl) [69]
with the maximum of the emission spectrum of LaBr3(Ce) at about
355 nm in the ultra violet range, and of CsI(Tl) at 550 nm in the visible
range with the following assignments a:[69] and b:[63, 68]. Dotted lines
are the spectra of the calculated emission bands of the scintillators.
Scintillation spectra of CsI(Tl) and LaBr3(Ce) are plotted in Fig. 2.15. The
calculated width of the emission spectrum of CsI(Tl) and LaBr3(Ce) (Fig. 2.15
solid bright green and blue line) underestimates the measured emission spectrum
(Fig. 2.15 solid dark green and blue line). This may be, due to a still not complete
understanding of the complicated luminescence processes in CsI(Tl).
The photodetector, which is coupled to these scintillators, has to be optimized
for the detection of scintillation photons. Two SDD / pnCCD entrance windows
have been developed, which are optimized for scintillation light from LaBr3(Ce) and
CsI(Tl) (Chap. 5).
24
3. Principles of hard X- and γ-ray
detection with Silicon Drift
Detectors (SDDs)
Figure 3.1.: Drawing of the detector application consisting of a bare SDD in direct or
SDD + scintillator indirect detection mode with the readout electronics.
Fig. 3.1 shows a drawing of the SDD detector and its readout electronic for
the direct and indirect detection of X- or γ-rays. In the direct detection mode X-
or γ-rays deposit their whole or a part of their energy directly inside the SDD.
A part of the deposited energy is then converted into a number of eh-pairs. In
the indirect detection mode X- or γ-rays interact with the scintillator, where the
deposited energy is converted into scintillation photons. A fraction of these photons
reach the SDD and are transferred with a certain eﬃciency into the SDD. Each
absorbed scintillation photon generates an eh-pair. In both modes the electrons are
collected with a certain eﬃciency at the anode. The amount of charges is converted
into an electrical signal, which is further ﬁltered and ampliﬁed. The analog signal is
then digitized by an analog to digital converter (ADC) and a multi channel analyzer
(MCA) converts the digital signal into a number, the ADC channel number. Plotting
the channel number into a histogram for a high number of incident photons yields
the spectrum.
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3.1. Direct detection of X-rays with a Silicon Drift
Detector
Silicon Drift Detectors (SDDs) fabricated by PNSensor in Munich are widely used
as sensors in high resolution X-ray spectroscopy. The state-of-the-art SDD shows
energy resolution values, expressed as the full width at half maximum (FWHM),
down to 123 eV of the Mn-Kα peak at moderate operation temperatures of T = -
20◦C and input count rates up to a few hundreds of kilo counts per second (kcps) with
peak-to-background (P/B) values up to 20000. Investigations of the light element
performance yielded energy resolution values of 38 eV for the Boron line (180 eV)
or 42 eV for the Carbon line (277 eV) [9]. Diﬀerent detector sizes and shapes have
been developed from 5 mm2 up to 50 cm2.
3.1.1. Detector working principle
Figure 3.2.: Concept of sideward depletion
The working concept of a SDD is based on the principle of sideward depletion,
which has been introduced by Gatti and Rehak in the year 1984 [70]. The basic
idea is to deplete a n−-type silicon substrate from both sides of the wafer, which
are reverse biased p+-type contacts with respect to a small n+-type contact (Fig.
3.2). The voltage necessary to reach the depletion is four times lower compared to
a pn-diode of the same thickness, due to the relation W ∝ √Udep, where W is the
width of the depletion layer and Udep the depletion voltage.
Most SDDs consist of a low doped n− silicon (Si) bulk with a thickness of typically
500 μm, a homogeneously boron doped p-type back contact, which represents the
radiation entrance window (EW), p+-type drift rings on the front side, a n+-type
anode and a monolithically integrated junction gate ﬁeld eﬀect transistor (JFET),
which acts as an impedance converter. By applying a negative voltage of approxi-
mately -100 V on the back contact, increasing voltages from -10 V (R1) to -100 V
(RX) on the drift rings, while setting the bulk contacts OS and IS to 0 V (Fig. 3.3),
the Si bulk gets depleted. Fig. 3.3 (on the right) shows a drawing of the potential
distribution for electrons with a maximum at RX and a minimum at the anode.
Along the blue line there is a potential gradient from RX to the anode, pushing the
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Figure 3.3.: Drawing of the SDD layout with the entrance window on the side of the
back contact (left Fig.); Drawing of the internal potential distribution
(brown curves) generated by voltages applied on the drift rings (R1 ≈ -10
to RX ≈ -100 V), back contact (about -100 V) and substrate, OS and IS,
(0 V). The inner guard ring, IGR, is needed to decouple the integrated
JFET from the SDD bulk. The potential minimum for electrons with a
negative gradient from RX to the anode is shown by the blue curve.
generated electrons in the direction of the anode. The anode is connected to the
gate of the JFET (see Fig. 3.4). Electrons reaching the anode change its potential,
Figure 3.4.: Zoom into the center of Fig. 3.3 illustrates the cross section of the
monolithically integrated JFET and the capacitances seen by the anode.
hence the potential of the gate by the negative electron charge: ΔQ = C · ΔU .
Due to the fact, that the JFET is biased by applying a positive voltage of about
+9 V at the drain and a constant current between source and drain, a change of the
anode potential leads to a change of the source potential. This value of the voltage
change represents the SDD output. It is proportional to the deposited energy inside
the SDD. The SDD output is further ampliﬁed, shaped and converted into a digital
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channel number. The distribution of these channel numbers, plotted in a histogram
yields the overall spectrum. This is a convolution of the X-ray source spectrum with
noise contributions of the detector.
Figure 3.5.: Left Fig. (logarithmic scale): Spectrum generated by the irradiation of
a SDD with a 55Fe source. The Mn-Kα full energy peak is ﬁtted by a
Gaussian function. Right Fig. (linear scale): Mn-Kα and Mn-Kβ peak
and the deﬁnition of the full width at half maximum (FWHM).
A spectrum generated by photons from a 55Fe-source inside the SDD is plotted in
Fig. 3.5 with a Gaussian ﬁt (blue curve) over the Mn-Kα full energy peak. Peaks in
the spectra are called full energy peaks, if the total X-ray energy is deposited inside
the sensitive part of the detector. The shape of a peak in a X- or γ-ray spectrum
can usually be approximated by a Gaussian distribution. If n processes contributing
to the overall ﬂuctuation are statistically independent and happen simultaneously,
the square of the overall standard deviation, σ2, can be expressed by
σ2 =
n∑
i=0
σ2i , (3.1)
where σ2i is the variance of process i. The energy resolution of X- and γ-ray detectors
is deﬁned as the full width at half maximum (FWHM), which is illustrated on the
example of the Mn-Kα peak in Fig. 3.5 (on the right). The FWHM of a Gaussian
distribution is connected to σ in the following way:
FWHM = 2.35 · σ = 2.35 ·
√√√√ n∑
i=0
σ2i . (3.2)
For energy dispersive solid state X-ray detectors the main contributions to the
FWHM (Eq. 3.3), is the so called Fano noise, σFano(Eq. 3.4), caused by statistical
ﬂuctuations in the number of eh-pairs generated after a certain energy is deposited,
and the electronic noise σel (Eq. 3.7):
FWHM [Neh] = 2.35 ·
√
σ2Fano + σ
2
el. (3.3)
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The Fano noise contribution (see Sec. 2.1.1) is deﬁned by
σ2Fano = F · σ2Poisson = F ·N eh−SDD. (3.4)
The Fano noise sets the lowest limit for the detector energy resolution (continuous
line in Fig. 3.6) assuming no electronic noise contribution. For silicon at room
temperature F = 0.115 and w = 3.65 eV [29, 32]. The electronic noise component
(Eq. 3.5) of the FWHM is described by
σ2el =
(
ENC
e
)2
= (ENCel)
2 (3.5)
where ENC is the equivalent noise charge, e the electron charge and ENCel the
equivalent noise charge expressed in number of electrons. To convert the number of
eh-pairs into energy units the FWHM has to be multiplied with w, the mean energy
to create an eh-pair:
FWHM(E)[eV ] = w[eV ] · FWHM [Neh] (3.6)
The electronic noise (see Eq. 3.7) is composed of three terms. They describe the
contributions of the serial white noise, the "1/f" noise of the integrated JFET and the
shot noise associated to the leakage current Il of the detector [71]. Additional noise
sources from other electronic components are neglected in the formula, respectively
hidden in the factors A1-A3. The electronic noise is given by [71]
ENC2 =
4kBTemp
3gm
C2totA1
1
tS
+ 2πafC
2
totA2 + qIlA3tS, (3.7)
where kB is the Boltzmann constant, Temp the temperature, gm the transconductance
of the JFET, af the constant parameterizing the JFET "1/f" noise, q the elementary
charge, tS the shaping time, A1 , A2 , A3 the constants depending on the ﬁlter
functions of the shaper. The ﬁrst noise component, the white noise, originates from
thermal ﬂuctuations of the number of charge carriers at the anode and cathode,
which induces a time dependent voltage diﬀerence, between the anode and cathode
[72]. The white noise decreases with increasing shaping time, due to the fact, that
the integration of this time dependent noise component over an increasing period of
time approaches a value in a decreasing range around its mean value, which is zero.
The second noise component is the 1/f noise, mainly related to trapping processes of
charge carriers [71]. This noise component is independent on the shaping time. The
third noise component, the shot noise, is generated by a current, which is described
by the net statistical ﬂow of charge carriers between two terminals. The collected
charge after a time Δt is ΔQ = IlΔt. It is connected to the number of charge carriers
by ΔN = IlΔt/q. The standard deviation is approximated by σ(ΔN) =
√
ΔN [72],
which increases with increasing integration time Δt, hence increasing shaping time,
tS.
The serial white and 1/f noise strongly depend on the total capacitance, Ctot, seen
by the detector anode (Fig. 3.4). It is a sum of the gate-source capacitance, Cg−s,
the gate-JFET channel capacitance, Cg−c, the gate-drain capacitance, Cg−d, and
the capacitances between the anode and the neighboring regions, Ca−igr, Ca−r1 and
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Ca−bc [73] and other parasitic contributions (see Fig. 3.4). The parallel shot noise
is mainly determined by the value of the temperature dependent leakage current Il
[3]:
Il(T ) ∝ T
3
2
empexp
(
− Eg
2kBTemp
)
, (3.8)
where Eg is the energy gap of silicon.
Figure 3.6.: Energy resolution, FWHM, of silicon radiation detectors plotted against
photon energy for diﬀerent contributions of the electronic noise. The
solid line shows the best achievable resolution, which is limited by the
Fano noise. The dashed and dash-dotted lines show the energy resolu-
tion, if the electronic noise is increased to a value of ENCel = 4 or 10
electrons.
Fig. 3.6 shows the FWHM[eV], calculated according to Eq. 3.6, in dependence
on the incident X-ray energy, E, for two values of the electronic noise, given in units
of equivalent noise charge divided by the electron charge (ENCel). If ENCel = 0
electrons, the lower limit of the FWHM is determined by the Fano noise (Eq. 3.4),
which is the physical limit of the energy resolution. An increase of ENCel to 4, 10
electrons leads to a relative increase of the FWHM especially at lower X-ray energies.
At low energies the electronic noise dominates the energy resolution, whereat at
higher energies it has a minor contribution.
Additionally, for very low energies only a fraction of the charges generated in
the SDD entrance window, which consists of partially sensitive layers and a doped
p layer with a high concentration of impurities, are collected at the anode. This
partial charge collection can degrade the energy resolution as well.
Methods to improve the energy resolution are the reduction of the total detector
capacitance, the leakage current and improving the 1/f perfomance of the JFET.
The SDD geometry enables a low anode capacitance independent of the detector
size and the monolithic integration of the ﬁrst JFET. This reduces additionally
stray capacitances and avoids pick-up noise or microphony. The capacitance is in
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the range Ctot = 120 fF to 150 fF for a circular SDD [74, 75]. For dedicated detector
designs the total capacitance can be reduced to 50 fF. The leakage current of the SDD
is decreased to a stable level down to 100 pA/cm2 at room temperature, through
a new fabrication technology using polysilicone. This further improves the energy
resolution. The eﬀect of partial charge collection, not included into the FWHM
shown in Fig. 3.6, can also be reduced by an optimized entrance window.
The charge sensitive ampliﬁer (CSA) readout conﬁguration in combination with
the pulsed reset operation mode ensures a nearly constant energy resolution up to a
few hundred kcps [73], independent of the count rate. The small signal capacitance
guarantees a high throughput.
The listed properties of SDDs make them to optimal detectors for X-rays with an
excellent energy resolution and high count rate capability. These advantages still
hold, if the SDD is used as a photodetector in combination with a scintillator in the
following. Before that, results of the direct detection of hard X-rays with the SDD
are presented.
3.1.2. Direct hard X- and γ-ray detection
Figure 3.7.: Calculated energy dependent quantum eﬃciency for hard X- and γ-rays
in a 450 (solid line) and 900 μm (dashed line) thick SDD. Data of the
absorption coeﬃcient used in the calculations are taken from [21, 76].
SDDs can be used as direct detectors in the hard X- and low γ-ray range, where
an excellent energy resolution is required. The quantum eﬃciency of a 450 and
900 μm thick SDD is plotted in Fig. 3.7. Below 10 keV both quantum eﬃciencies
are equal, with a decreasing value to low energies. The quantum eﬃciency (QE)
decreases, because an increasing number of X-ray photons is absorbed inside the
partially sensitive layers of the entrance window. Doubling the SDD thickness leads
to a QE > 0.6 for energies up to 20 keV. At E = 60 keV the quantum eﬃciency
is still 0.065. The probability of Compton scattering in Si becomes dominant for
energies larger than 50 keV (Fig. 2.1 on the left).
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Spectra, which have been measured during irradiation of a 450 μm SDD with 57Co
and 241Am sources are shown in Fig. 3.8. The measured values of the relative energy
resolution, R = FWHM/E are R(24.9 keV) = 1.1 % and R(59.5 keV) = 0.67 %. The
energy resolutions of SDDs belong also in the hard X- and γ-ray range to the best
measured values. The relative energy resolution decreases with increasing photon
energy. The quantum eﬃciencies at these energies are QE(24.9 keV) = 0.2 (0.36
for the 900 μm thick SDD) and QE(59.5 keV) = 0.033 (0.065 for the 900 μm thick
SDD).
Figure 3.8.: Spectrum of 109Cd (21.99, 22.16, 24.91, 24.94 and 25.1 keV) and 241Am
(59.5 keV) measured with a SDD, having an active area of 30 mm2, at
- 20◦C and a shaping time of 1 μs.
The energy resolution values of a SDD coupled to CsI(Tl) (diameter 5 mm and
thickness 10 mm) are R(22.1 keV) ≈ 6 % and R(59.5 keV) ≈ 10 % and to LaBr3(Ce)
(diameter 5 mm and thickness 10 mm) R(22.1 keV) ≈ 10 % and R(59.5 keV) ≈ 18 %.
3.2. Indirect detection of X- and γ-rays with a
SDD coupled to a scintillator
The principles of γ-ray detectors consisting of a scintillator coupled to a SDD are
illustrated in (Fig. 3.9). The energy of incident γ-rays is partially or fully converted
into scintillation photons, depending on the type of interaction of the γ-rays with
the scintillator. The mean number of generated scintillation photons, Nph, depends
on the scintillator light yield, L, and the magnitude of the deposited energy. The
photons propagate isotropically into all directions from the generation point. All
sides and faces of the scintillator but one are covered by a reﬂector (Fig. 3.9). The
face with no reﬂector is in contact with the optical coupler and the photodetector
(Fig. 3.9). The scintillation photons are reﬂected or transmitted on the scintillator
interfaces, reﬂected or absorbed on the reﬂector surface until being absorbed inside
the scintillator or reaching the SDD entrance window (Fig. 3.9). There the photons
are reﬂected, absorbed or transmitted into the SDD. The entrance window of the
SDD should be optimized, to ensure a high transmission probability for incident
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Figure 3.9.: Drawing of a γ-detector consisting of a scintillator coupled to a Sili-
con Drift Detector (SDD) with the illustration of the conversion of the
deposited energy into a number of electron hole pairs.
scintillation photons. After the absorption inside the SDD, eh-pairs are generated.
The electrons are collected at the SDD anode and the amount of collected charges is
converted into a voltage pulse and further processed by the electronics. The mean
number of collected electrons is an indicator for the amount of deposited energy
inside the detector:
N e = Nphη = ELη (3.9)
where η is the mean system quantum eﬃciency for scintillation light. η is composed
of the transfer eﬃciency of photons into the SDD times the conversion eﬃciency
into eh-pairs times the collection eﬃciency of the generated electrons at the anode.
Fig. 3.10 shows spectra measured with a detector consisting of a SDD + LaBr3(Ce)
(blue) or SDD + CsI(Tl) (green) during irradiation with a 137Cs source, which emits
γ-rays with an energy of E = 662 keV. The scintillators are cylindrically shaped with
a diameter of approximately 5 mm and a thickness of 10 mm. The relative energy
resolution, R = FWHM/E, of the photo peak at E = 662 keV is about 3 % for SDD
+ LaBr3(Ce) and 4.5 % for SDD + CsI(Tl). The energy resolution of the SDD +
LaBr3(Ce) detector is better at 662 keV compared to the SDD + CsI(Tl) detec-
tor, because of diﬀerent energy dependent non-proportionality contributions to the
energy resolutions of the two scintillators, LaBr3(Ce) and CsI(Tl) (see Chap. 6).
The quantum eﬃciency of an SDD at 662 keV is lower than 1%, so that it is
almost transparent and not suitable as detector material for such high energies.
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Figure 3.10.: Spectra measured with a SDD with an active area of 30 mm2 coupled
to a cylindrical, 1 cm thick LaBr3(Ce) (blue) and CsI(Tl) (green) for
γ-rays with an energy of E = 662 keV. The ﬂuorescence peaks Pb-Kα1
and Pb-Kβ1 originate from the lead collimator.
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the energy resolution
Inside X- or γ-ray detectors the deposited energy is converted by several processes
into an output signal (compare Fig. 3.9). These processes are of statistical nature
and can happen simultaneously or after each other, forming a cascade. Furthermore,
in some cases processes have to be taken into account, which are of composite nature.
This means for example that the mean probability pi for a process to occur can
change from one event to another. The magnitude and resolution of the output
signal are described by the mean value and variance of the overall process. The
statistical background for its calculation is presented in App. B.
4.1. Derivation of the formula for the relative
energy resolution
Based on the general considerations outlined in App. B a formula for the energy
resolution will be derived in this section. The mean number of signal electrons,
Figure 4.1.: Scheme of the conversion of the deposited energy, E, into signal elec-
trons, Ne, at the SDD anode, with the eﬃciencies C, S, Q and η.
N e,j, reaching the SDD anode (Fig. 4.1), after an interaction, j, of a γ-ray with the
scintillator and the deposited energy, E, can be described by the formula
N e,j = ECjSjQjηj = N eh,jSjQjηj, (4.1)
where Cj = 1/wscint,j is the conversion eﬃciency of the deposited energy into eh-
pairs, N eh,j , inside the scintillator. Inserting Eq. 2.22 into 3.9 results into Eq. 4.1.
In the following, the two processes, the transfer of thermalized electrons and holes
to luminescence centers with the eﬃciency, Sj, and the radiative recombination
of eh-pairs, N eh−trans, at the excited luminescence centers with the eﬃciency, Qj,
are summarized to one process with the eﬃciency T j = Sj · Qj. It describes the
conversion of eh-pairs into scintillation photons, Nph. In the new notation Eq. 4.1
changes to
N e,j = N eh,jT jηj. (4.2)
The overall process leading to the generation of signal electrons and their collection
at the SDD anode is denoted as G, which is sub-divided into three processes: the
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conversion of the deposited energy into eh-pairs, the conversion of eh-pairs into
scintillation photons and the conversion of scintillation photons into signal electrons.
These processes are denoted as A, B and D.
The probability distribution of Neh is approximated in semiconductors by a Gaus-
sian distribution, which has a mean value of N eh and a variance of V ar(Neh) =
F · N eh. F is the Fano factor of the semiconductor material (compare Sec. 3.1).
The relative variance is v(Neh) = F/N eh. We are adapting this approximation also
for materials with a larger band gap, such as scintillators, where Fscint is the Fano
factor of the scintillator. A second approximation is made by assuming that the
processes denoted by A, B and D are statistically independent. All three processes
happen after each other, forming a cascade. Furthermore, the mean values T j and
ηj change frequently from one event, j, to another, because the processes denoted as
B and D consist of several competing processes. Process B can be described by an
energy dependent conversion eﬃciency, T (E), of eh-pairs into scintillation photons,
(Sec. 4.2), which results in an energy dependent light yield L(E) (Eq. 2.23). Due to
the fact, that L(E) = constant, the light yield is said to be "non-proportional". The
eﬃciency, ηj, of process D depends on the position, where the scintillation photons
are generated inside the scintillator (Sec. 4.3). This changes from one event, j, to
another, because the source emits γ-ray photons into a certain solid angle, which
interact in a certain depth range. The relative variance of the overall process can
be determined in analogy to Eq. B.28 and B.29 with the result
v(Ne) = v(Neh)− 1
N eh
+ v(T · η)
(
1 + v(Neh)− 1
N eh
)
+
1
N ehTη
. (4.3)
The relative variance, v(T · η), of the product of the eﬃciencies T and η can be
written as
v(T · η) = v(T ) + v(η) + v(T ) · v(η) (4.4)
[77]. Inserting Eq. 4.4 into 4.3 yields
v(Ne)
= v(Neh)− 1
N eh
+ (v(T ) + v(η) + v(T ) · v(η))
(
1 + v(Neh)− 1
N eh
)
+
1
N ehTη
(4.5)
The relative variance, v(Neh), is the Fano noise contribution of the scintillator
v(Neh) =
Fscint
N eh
. (4.6)
Fscint is the Fano factor of the scintillator. v(Neh) is replaced by the right hand side
of Eq. 4.6 in the following. The relative variance of the signal electrons speciﬁed in
Eq. 4.5 can be approximated by
v(Ne) ≈ Fscint
N eh
− 1
N eh
+ v(T ) + v(η) +
1
N ehTη
=
Fscint
N eh
+ v(T ) + v(η) +
1− Tη
N e
,
(4.7)
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where N e = N ehTη. The terms resulting from the multiplication of two or more
relative variances, including the term 1/N eh, which is the deﬁnition of the relative
Poisson variance, are neglected. The value of v(T ), which is determined in Chap. 6
is the largest compared to the other contributions in Eq. 4.7. For γ-energies around
E = 10 keV v(T ) has a value of about 0.007. v(T )2 can be neglected compared to
v(T ).
The relative variance of signal electrons in Eq. 4.7 is composed of four terms,
which could be interpreted in the following way: The ﬁrst term is the relative
variance of the Fano noise contribution, Fscint/N eh, originating from the conversion
process of the deposited γ-energy inside the scintillator into eh-pairs. v(T ), is the
relative variance, originating from the conversion process of generated electron hole
pairs into scintillation photons. v(η) is the relative variance, originating from the
transfer process of scintillation photons into the SDD, the conversion into electron
hole pairs and the collection of signal electrons at the anode. The last term can be
interpreted as the relative variance of the number of signal electrons, which is given
by the variance of a binomial probability distribution with the conversion eﬃciency,
T · η, of the generated electrons and holes inside the scintillator into signal electrons
inside the SDD.
Breitenberger derived the following formula for the relative signal variance for a
detector consisting of a scintillator coupled to a photomultiplier (PMT) [78]:
v(Ne,M) = v(Nph)− 1
Nph
+ v(η)
(
1 + v(Nph)− 1
Nph
)
+
1 + v(M)
Nphη
≈ v(Nph)− 1
Nph
+ v(η) +
1 + v(M)
Nphη
.
(4.8)
Ne,M is the number of electrons after the multiplication process inside the PMT.
v(M) considers the relative variance of the PMT gain, M. In a detector consisting
of a scintillator coupled to a SDD, with an SDD gain of 1, the gain variation is
negligible. Breitenberger has not included statistical processes contributing to the
generation of scintillation photons, Nph, into the derivation of formula 4.8.
The contribution of the electronic noise to the variance of the number of signal
electrons, calculated by Eq. 4.7, has not been included yet. The process for the
generation of signal electrons inside the SDD can be described by two main processes.
One process generates signal electrons, due to electronic noise sources. The other
process generates signal electrons, due to the conversion of photons into electron hole
pairs and the collection of the electrons at the SDD anode. Both processes occur
simultaneously and are assumed to be independent of each other. The variance
including the electronic noise can be calculated by (comp. Sec. B.1.1)
V ar(Ne−el) = V ar(Ne) + V ar(Nel). (4.9)
The total "relative" variance, Vtot, including the electronic noise, is deﬁned by
Vtot =
V ar(Ne−el)
N
2
e
=
V ar(Ne) + V ar(Nel)
N
2
e
= v(Ne) +
ENC2el
N
2
e
. (4.10)
In this deﬁnition the relative variance of the signal electrons, including the electronic
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noise, is
Vtot ≈ Fscint
N eh
+ v(T ) + v(η) +
1− Tη
N e
+
ENC2el
N
2
e
. (4.11)
The pulse height distribution of the detector output signal is usually approximated
by a Gaussian distribution (comp. Sec. 3.1) with the relative energy resolution de-
ﬁned as the relative full width at half maximum of a Gaussian peak, R = FWHMrel =
2.35
√
Vtot. The total energy resolution of the γ-detector system, SDD coupled to a
scintillator, can be expressed as
R ≈ 2.35
√
Fscint
N eh
+ v(T ) + v(η) +
1− Tη
N e
+
ENC2el
N
2
e
. (4.12)
Eq. 4.12 shows that the energy resolution can be improved, if the following criteria
are fulﬁlled:
1. a low electronic noise ENCel
2. scintillators, which produce a high number of eh-pairs, N eh, and scintillation
photons, Nph
3. a high transfer eﬃciency, T , and system quantum eﬃciency, η, for scintillation
photons
4. scintillators with a small non-proportionality contribution, v(T )
5. a low contribution of the light collection non-uniformity, v(η)
In literature the contributions to the relative energy resolution in the γ-ray range
are generally expressed by Ri = 2.35
√
vi. In this notation Eq. 4.12 has the form:
R2 = R2Fano−Scint +R
2
T +R
2
η +R
2
Bino +R
2
el. (4.13)
In literature the Fano noise of the scintillator is generally not investigated and
instead of the binomial variance, the Poisson variance is usually used to describe
the statistical ﬂuctuation of the number of signal charge carriers (see e.g. [48, 14]).
This approximation cannot be applied to modern scintillation detectors, due to a
large conversion eﬃciency of electrons and holes inside the scintillator into signal
electrons inside the photodetector. In literature the energy resolution is usually
expressed by
R2 = R2T +R
2
η +R
2
stat +R
2
el (4.14)
where Rstat = 2.35
√
1/N e.
Contributions to the magnitude of RT are originating from the transfer process, S,
of the energy of thermalized electrons and holes to the luminescence centers and the
process of radiative relaxation of the luminescence centers, Q. Additionally inhomo-
geneity in the doping concentration of luminescence centers inside the scintillator
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can lead to a further variation in the number of generated scintillation photons from
one event to another. This could increase the value of RT furthermore. The doping
concentration in small scintillators, which are investigated in this work, are to a high
degree homogeneous. In these scintillators the local light yield variation is about
±0.25% [79], so that the noise contribution, due to inhomogeneity of the doping
concentration, can be neglected.
Contributions to Rη are originating from the variance of η, which is determined by
the collection eﬃciency, K, of scintillation photons at the SDD entrance window, the
transfer eﬃciency, Tew, of the scintillation photons through the SDD entrance win-
dow, the absorption eﬃciency, Asv, inside the sensitive SDD volume, the conversion
eﬃciency of scintillation photons into eh-pairs inside the SDD, which is CSDD = 1,
and the charge collection eﬃciency, CCE, of signal electrons at the SDD anode:
η = K · T ew · Asv · CCE = K ·QE (4.15)
where QE the mean quantum eﬃciency of the SDD for the scintillation light.
In order to get an imagination of the magnitude of the diﬀerent noise contribu-
tions, in Fig. 4.2 the energy resolution
R =
√
R2Fano−Scint +R
2
Bino +R
2
el (4.16)
is plotted against the deposited energy inside the scintillator for three electronic noise
values: ENCel = 0 (black solid line), ENCel = 8 (blue dotted line) and ENCel = 40
(blue dashed line) electrons. The Fano factor of the scintillator is set to Fscint =
0.28 and the light yield to a constant value of L = 65 photons/keV for all energies.
The red solid line shows the value of R (Eq. 4.16) for FScint = 1. The contribu-
tion of the electronic noise, Rel, with an equivalent noise charge of ENCel = 40
electrons becomes important for energies E < 100 keV. The contribution of Rel for
ENCel = 8 can be neglected for energies E > 100 keV and has a small contribution
for E < 100 keV.
In Fig. 4.2 the diﬀerence in the energy resolution is recognizable for the two values
of the Fano factor, FScint = 1 (red line) or FScint = 0.28 (black line). The energy
resolution improves with a decreasing Fano factor of the scintillator.
In this work we put our focus on the investigation of the light yield non-proportionality
contribution, RT , and the contribution Rη, originating from the light transfer into
the SDD, eh-pair generation inside the SDD and signal electrons collection at the
SDD anode with the overall associated eﬃciency η.
4.2. Scintillator non-proportional light yield
In the following section the physical reasons leading to the statistical variance, v(T ),
of T will be explained. In the year 1961 it has been pointed out that the un-
known contribution to the energy resolution of NaI(Tl) can be attributed to the
non-proportional light yield of NaI(Tl) [80, 81]. It has been calculated that the non-
proportional light yield of NaI(Tl) leads to a broadening of the energy resolution
[80, 81].
After an interaction of a γ-photon with an atom of the scintillator via photo eﬀect,
an electron is ejected from an inner shell, so that the atom remains in an excited
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Figure 4.2.: Energy resolution R described by Eq. 4.16 with the parameters wScint =
13.3 eV, L = 65 photons/keV for all energies and η = 0.8 of CsI(Tl)
(comp. Sec. 2.2 and Sec. 6.2.2).
state. The atom relaxes by ﬁlling the hole with electrons from upper shells, produc-
ing ﬂuorescence photons and Auger electrons. After a Compton interaction a bound
electron is ejected into a free state and the Compton scattered photon escapes the
scintillator or interacts again via photo eﬀect or Compton scattering. The gener-
ated Compton, photo and Auger electrons lose their energy by generating secondary
electrons through ionization scattering and bremsstrahlung. Considering mono en-
ergetic γ-rays with an energy E, which is fully deposited inside the scintillator, the
number, Mj, and the energy distribution among the generated Compton, photo and
Auger electrons diﬀers for each event, j, due to the fact, that Compton, photo and
Auger processes occur with certain probabilities inside the scintillator.
In order to calculate the mean number of generated scintillation photons, Nph,j,
after a γ-event j, the number of photons generated by Compton, photo and Auger
electrons have to be summed up. Therefore, the energy dependent mean light yield
for electrons is
Le(Ee) =
Nph
Ee
=
T e
wscint
(4.17)
where Ee is the electron energy, which has to be known.
The light yield of electrons can be measured by the so called Compton Coincidence
Technique (CCT). The coincidence technique measures only the pulse height of the
energy deposited by electrons, which are produced by γ-rays that are Compton
scattered through a speciﬁc angle inside the scintillator and measured in coinci-
dence with the Compton scattered photon, which is detected by a high resolution
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Figure 4.3.: Measured normalized light yield of NaI(Tl) (circles) and LSO (squares)
for electrons [82]. In addition one possibility of how the deposited en-
ergy inside the scintillator can be distributed among photo and Auger
electrons.
Germanium detector [83].
Fig. 4.3 shows the normalized mean light yield, Le/c, for electrons in NaI(Tl)
and LSO [82]. The non-proportional behavior, which means Le/c = constant, is
clearly visible. The normalized light yield of both scintillators rises from low elec-
tron energies up to an energy of 10 keV. It decreases for NaI(Tl) for increasing
electron energies from 10 keV to 450 keV, which is characteristic for alkali halide
scintillators, whereas for LSO it increases further in that range and saturates, which
is characteristic for non-alkali halide scintillators.
The energy dependence of the light yield can be explained as follows. The decrease
of the light yield from 10 keV to lower electron energies in NaI(Tl) is due to an
increase of the deposited energy density, which originates from the increase of the
diﬀerential energy loss, -dE/dx, with decreasing particle energies (see Sec. 2.1.1).
An increase of the deposited energy density leads to an increasing density of eh-
pairs, which again leads to a reduction of the radiative recombination eﬃciency, due
to an Auger-like quenching [84, 52, 53, 54]. In such a case the scintillation photon
generated by the recombination of an eh-pair excites an exciton and separates the
electron from the hole. For these electrons, there is again a certain probability
to recombine non-radiatively. This circumstance increases the probability of non-
radiative recombination.
The decrease of the light yield from 100 keV to higher energies occurs, due to a
reduction of the density of the generated electrons and holes. A lower density is
equivalent to a larger distance of electrons and holes, which reduces their recombi-
nation probability, due to Coulomb attraction [85, 86], especially if the electron and
hole mobilities are low (cm2/Vs) and have a larger diﬀerence. Diﬀerent mobilities
of electrons and holes cause a separation of the electrons from the holes to a cer-
tain fraction, due to the diﬀusion of electrons and holes from the track, where they
have been generated, with diﬀerent velocities [54, 87]. Low mobilities increase the
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probability that electrons and holes do not ﬁnd each other to recombine radiatively.
The mobilities (μ ∝ 1/m∗ where μ is the mobility and m∗ the eﬀective mass) of
electrons and holes have a larger diﬀerence in alkali halide, than in non-alkali halide
scintillators [52], so that the decrease of the light yield at low ionization densities is
more pronounced in alkali halide scintillators.
A short example should illustrate the distribution of the deposited energy among
photo, Compton and Auger electrons. A γ-photon with an energy of 100 keV
can interact via photo eﬀect with NaI by ejecting an electron from the K-shell
of the Iodine atom. This photo electron has the kinetik energy Ekin1 = 100 keV-
Eb(IK) = 66.8 keV (Light yield of the ﬁrst photo electron is denoted as 1 in Fig.
4.3), where Eb(IK) = 33.2 keV is the binding energy of the K-shell electron. The hole
created in the Iodine K-shell can be ﬁlled by an electron from the L-shell, generat-
ing a ﬂuorescence photon with an energy of 32.3 keV. This ﬂuorescence photon can
generate a second photo electron by ejecting an electron from the L-shell of another
Iodine atom. The second photo electron has the kinetic energy Ekin2 = 32.3 keV-
Eb(IL) = 27.2 keV (Light yield of the second photo electron is denoted as 2 in Fig.
4.3), with Eb(IL) = 5.1 keV. The remaining holes in the L-shells of both atoms can
be ﬁlled with electrons from upper shells. This process can lead to the generation
of four Auger electrons (Light yields of the four Auger electrons are denoted as 3,
4, 5 and 6 in Fig. 4.3). The energy deposited by the γ-ray is distributed among 6
electrons in this example. In a second energy deposition the described interaction
can occur with a Natrium atom, which has diﬀerent K- and L-shell binding energies
compared to the Iodine atom, so that the energy distribution of the generated elec-
trons will diﬀer, just as the number of scintillation photons, if the mean light yield
Le of the generated electrons depends on their energy.
The mean number of scintillation photons, Nph,j, determined by the energy de-
pendent non-proportional mean light yield for electrons, Le(Ee) (Fig. 4.3), and the
energy distribution among the Compton, photo and Auger electrons with a total en-
ergy E, deposited by a γ-ray inside the scintillator in the event j, can be calculated
by
Nph,j =
Mj∑
i=1
Ee,iLe (Ee,i) =
Mj∑
i=1
Ee,i
T e(Ee,i)
wscint
=
Mj∑
i=1
N eh,iT e(Ee,i) = N ehT j. (4.18)
Mj is the number of generated Compton, photo and Auger electrons generated by
the j-th γ−ray interaction and Ee,i is the energy of the i-th electron. The mean
number of generated scintillation photons Nph is
Nph =
∑m
j=1Nph,j
m
=
∑m
j=1N eh · T j
m
= N eh
∑m
j=1 T j
m
= N ehT (4.19)
where m is the number of mono energetic γ-rays. The relative variance of Nph,j can
be calculated by
v(Nph,j) =
∑m
j=1(Nph,j −Nph)2
m ·N2ph
=
∑m
j=1N
2
eh(T j − T )2
m · (N eh · T )2
=
∑m
j=1(T j − T )2
m · T 2
= v(T j).
(4.20)
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If the light yield would not depend on the energy, Eq. 4.18 changes to
Nph,j =
Mj∑
i=1
Ee,iLe = Le
Mj∑
i=1
Ee,i = Nph (4.21)
where v(Nph,j) = v(T j) = 0.
The energy dependent light yield, Le(Ee) = T e(Ee)/wscint, for electrons in combi-
nation with the variation of the number and energy distribution of Compton, photo
and Auger electrons, leads to a frequently changing mean conversion eﬃciency, T j
(Eq. 4.18), and to a contribution to v(T ). This contribution to v(T ) is investigated
for LaBr3(Ce) and CsI(Tl) in Subsec. 6.1.1 and 6.2.1 respectively. Furthermore,
the energy dependent light yield, Le(Ee), for electrons leads to an energy dependent
light yield, L(E), for γ−rays, which is also investigated for LaBr3(Ce) and CsI(Tl)
in Subsec. 6.1.1 and 6.2.1 respectively.
In Fig. 4.4 the normalized light yield, Ln, of NaI(Tl) is plotted against the incident
γ-energy. Ln is deﬁned as
Ln =
L
c
=
Nph
E · c =
N eh · T
E · c =
E · T
wscint · E · c =
T
wscint · c (4.22)
where c is the normalization constant. c is set to a value, so that Ln(E) = 1 for
incident γ-rays with an energy of E = 662 keV. A proportional light yield would
be a constant, if plotted against E. This is not the case as shown in Fig. 4.4. Ln
increases from low γ-energies to 20 keV, has two maxima in the energy range between
10 and 60 keV and decreases again towards higher energies. The minimum around
33 keV occurs, due to the K-absorption edge of Iodine. For γ-energies above this
edge, there is the probability to generate a photo electron from the K-shell. Before
and after the edge the deposited energy inside the NaI(Tl) scintillator is distributed
among a diﬀerent set of electrons with diﬀerent energies. The decrease of the light
Figure 4.4.: Normalized light yield of NaI(Tl) for incident γ-rays taken from [80]
yield from 20 keV to lower γ-energies is due to an increase of the ionization density
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in combination with the low mobilities of electrons and holes. The decrease of Ln
above 50 keV is due to a decreasing ionization density in combination with a low
mobility of electrons and holes and a larger diﬀerence between their value [54, 87].
The calculations in Eq. 4.18 - 4.21 are only taking the mean value of the electron
light yield, Le(Ee), into account. The variation of Le,j(Ee), which results also from
the variation of T e,j(Ee) from one event, j, to another for a certain electron energy,
Ee, has been neglected so far. Taking its variation into account does not change the
mean values Nph,j and Nph, but increases the relative variance v(Nph,j) = v(T j).
A contribution to the variance v(Te(Ee)) originates also from the energy depen-
dence of its mean value T e(Ee). Each of the electrons resulting from Compton, photo
and Auger eﬀect loses its energy by ionization. The ionization density is propor-
tional to the deposited energy per track length -dE/dx, which can be parameterized
by the Bethe formula presented in Sec. 2.1.1. -dE/dx depends on the electron
energy, hence on its path through the scintillator. Fluctuations in the ionization
density (Landau ﬂuctuations) in combination with the energy dependent light yield
for electrons lead to a degradation of the energy resolution [49] by increasing the
value of v(Te).
4.3. Light and charge collection in the system
SDD + scintillator
Besides the contribution of a non-proportional light yield of the scintillator to the
energy resolution, it depends also on the transfer of scintillation photons into the
SDD and the charge collection of the generated signal electrons inside the SDD. Op-
tical properties of the scintillator, reﬂector and SDD entrance window determine the
detection eﬃciency of scintillation photons. Important parameters are the refraction
index, n, and the absorption coeﬃcient for scintillation light, α. Moreover the shape
and surface roughness of the scintillator, the reﬂectivity and surface roughness of the
reﬂector, the coupling between scintillator and SDD, the quantum eﬃciency, QE, of
the SDD entrance window and the charge collection eﬃciency, CCE, inside the SDD
determine the system quantum eﬃciency, η, for scintillation photons and alter the
energy resolution. The mean number of signal electrons reaching the anode inside
the SDD is given by
N e = Nph ·K · T ew · Asv · CCE = Nph ·K ·QE = Nph · η, (4.23)
where K is the transfer eﬃciency of the scintillation photons to the SDD entrance
window and T ew the transmission eﬃciency through the SDD entrance window,
Asv the absorption eﬃciency of scintillation photons inside the SDD and CCE the
collection eﬃciency of signal electrons at the SDD anode. K, T ew and Asv depend on
the parameters n and α. In additionK is also determined by the surface roughness of
the scintillator, the absorption length of scintillation photons inside the scintillator,
the reﬂectivity and reﬂector type of the reﬂector.
η depends also on the position, where the deposited energy is converted into scin-
tillation photons inside the scintillator. The system quantum eﬃciency, η, varies
with the position, where the scintillation photons are generated inside the scintilla-
tor. This is illustrated in Fig. 4.5. It shows a γ-detector, consisting of a scintillator
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coupled to a SDD. Let us assume two γ-events, which generate the same number
of scintillation photons at diﬀerent positions inside the scintillator. The number of
signal electrons, Ne, is varying, due to the fact, that the photons generated at these
two positions have to cover diﬀerent distances and undergo a diﬀerent number of
reﬂections under diﬀerent angles with a certain probability of being absorbed inside
the scintillator (α > 0) or lost, due to imperfect reﬂectors with a reﬂectivity < 1, be-
fore being absorbed inside the SDD. A high quantum eﬃciency of the SDD entrance
Figure 4.5.: Light collection non-uniformity in the system scintillator coupled to a
SDD, caused by diﬀerent distances, which scintillation photons have to
cover before being absorbed inside the SDD; The quantum eﬃciency of
the system η depends on the generation point, the absorption coeﬃcient
of the scintillator α, the reﬂectivity, Refl, of the reﬂector, the quantum
eﬃciency, QE, of the SDD entrance window and the charge collection
eﬃciency, CCE, of the electrons at the SDD anode.
window for the scintillation photons, guaranteed by an appropriate anti reﬂection
coating (ARC), reduces the number of reﬂected photons back into the scintillator,
thus reducing the probability of being absorbed outside of the SDD or escaping the
system. A radioactive source emits γ-rays into a certain solid angle and the absorp-
tion depth of a γ-ray inside the scintillator follows the exponential absorption law, so
that the position, where mono energetic γ-rays interact with the scintillator diﬀers
for each event. This leads to a variation of the mean system quantum eﬃciency, η,
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from event to event, hence to an increase of the variance of the number of generated
signal electrons and to a degradation of the energy resolution. The values of Rη,
RBino and Rel depend on the system quantum eﬃciency for scintillation photons, η.
There have been a few publications in which the contribution of the light collection
eﬃciency in γ-detectors, consisting of scintillators coupled to PMTs, on the resulting
pulse height spectra have been investigated [88, 89, 90, 91]. Analytical calculations
of the contribution of the light collection non-uniformity onto the energy resolution
are presented in [92] for CsI(Tl) and CsI(Na), but without taking the PMT entrance
window into account. Analytical calculations of complex detector systems can only
be performed with a lot of approximations. Monte Carlo simulations can overcome
these diﬃculties, because the detector can be modeled more precisely.
The inﬂuence of the eﬃciencies Tew, Asv and CCE onto the QE of the SDD is
investigated in Chap. 5. Additionally, in Subsec. 6.1.2 and 6.2.2 of this work, the
eﬀect of the collection eﬃciency of scintillation photons inside the SDD + scintilla-
tor system and the inﬂuence of the system quantum eﬃciency, η, onto the energy
resolution contributions, given by Rη and RBino will be analyzed. Results from inves-
tigations of cubical (4 x 4 mm2) and cylindrical (	 = 4.5 mm) CsI(Tl) scintillators
with three diﬀerent thicknesses (5 mm, 10 mm and 20 mm), and one cylindrical
(	 = 5) LaBr3(Ce) scintillator with a thickness of 10 mm coupled to a SDD, will
be presented.
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The quantum eﬃciency of a SDD is a measure of the detector eﬃciency with regard
to the transmission eﬃciency, Tew, of photons through the partially sensitive detector
parts, the so called dead layers (DL) of the entrance window (EW), the absorption
eﬃciency, Asv, of incident photons inside the sensitive volume of the detector, the
conversion eﬃciency, G, of the deposited energy into eh-pairs inside the SDD and
the charge collection eﬃciency, CCE, of the generated electrons at the anode.
In the system SDD + scintillator the detector eﬃciency is determined additionally
by the absorption eﬃciency, Ascint, of γ-rays inside the scintillator, the conversion ef-
ﬁciency, C, of the deposited energy by γ-rays inside the scintillator into eh-pairs, the
conversion eﬃciency, T, of the eh-pairs into scintillation photons and the collection
eﬃciency K of scintillation photons at the SDD entrance window. The eﬃcien-
cies Tew, Asv and CCE are properties of the SDD and determine its QE. The so
called system quantum eﬃciency, η (comp. Sec. 4.1), for scintillation photons is
determined by the parameters K, Tew, Asv, G and CCE:
η = K ·QE (5.1)
where
QE = Tew · Asv ·G · CCE. (5.2)
Figure 5.1.: Scheme of the conversion of incident photons, Nph, into signal electrons,
Ne, with an overall eﬃciency, consisting of the eﬃciencies K, Tew, Asv,
G and CCE. Nph,T is the number of transmitted photons, Nph,T,A is the
number of transmitted and absorbed photons and Neh−SDD is the number
of generated eh-pairs inside the SDD.
In this chapter we are comparing the measured and calculated QEs of SDDs in
the X-, γ-ray and near UV-Vis range.
The quantum eﬃciency can be deﬁned through
QE(E) =
Ne
Nph ·G (5.3)
where Nph is the number and E the energy of the incident photons (Fig 5.1). In
this deﬁnition also partial events, where only a fraction of the photon energy is
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deposited inside the sensitive volume, contribute to the quantum eﬃciency. For X-
or γ-rays the conversion eﬃciency of photons with an energy E can be described
by G(E) = E/w, where w is the mean energy to create an eh-pair. In the UV-Vis
range 300 - 800 nm one photon generates one eh-pair, G = 1 (see Sec. 2.1.2). The
deﬁnition of the QE in Eq. 5.3 is usually used, if the QE is determined from the
value of the measured current, I, between cathode and anode, which is generated by
an incident photon ﬂux of the power P = ΔNphE/Δt, where Δt is the time unit in
seconds.
In this work the QE is determined from the value of the measured current, I =
ΔNe · e/Δt, where e is the electron charge.
5.1. Entrance window
For X-ray detection various SDD entrance windows have been developed. In this
section only the pn-Window, which consists of a SiO2- and Al-layer on top of the
p-layer will be discussed. The pn-Window allows a good energy resolution for low
X-ray energies down to several 100 eV and a high peak to background and peak to
valley ratio [9].
For the detection of near UV-Vis photons antireﬂection coatings (ARC) have been
developed. The ARCs consist of SiO2 and Si3N4 layers on top of the p-layer. The
QE can be tuned by changing the layer thicknesses of SiO2 and Si3N4.
Decreasing the thickness and increasing the quality of the p-layer also leads to a
better charge collection eﬃciency and higher quantum eﬃciency.
The interface SiO2-p-layer or Al-p-layer and the p-layer itself exhibit a reduced
mobility and lifetime for charge carriers compared to the n−-type Si substrate. In-
terfaces are often a source of an increased number of defects, if the lattice structures
of the two materials are not similar. Furthermore, the p-doping with Boron is done
by ion implantation. Although the Si sample is annealed afterwards, this technique
generates additional defects inside the doped layer. Defects and interface states act
as trapping centers for electrons [93].
After the generation of eh-pairs by photons, the probability of signal electrons,
which are generated close to the interface, to reach the anode is less than 1. The
reduction of signal electrons is evaluated by the so-called charge collection eﬃciency
(CCE). Fig. 5.2 illustrates the conﬁguration of the entrance window (EW). Charge
carriers generated in diﬀerent depths inside the p+-layer are collected at the anode
or cathode with diﬀerent eﬃciencies described by a depth dependent CCE(z). The
CCE has been set to 0 inside the insensitive part (DL) of the EW. This applies
for near UV-Vis photons, because the energy of the generated charge carriers inside
the DL does not suﬃce to penetrate into the p-layer. Incident X- or γ-ray photons
can generate ﬂuorescence photons or hot electrons inside the DL, which have a
certain probability to reach the p-layer or Si bulk, where they can generate charge
carriers. There is also the possibility that ﬂuorescence photons generated inside
the p-layer escape the sensitive volume. In both cases only a part of the incident
photon energy is deposited inside the sensitive part of the SDD, so that the number
of generated charge carriers is lower compared to their number, if the full photon
energy is deposited inside the sensitive detector volume. The contribution of this so
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Figure 5.2.: Generation of eh-pairs inside the SDD, after the absorption of photons
in diﬀerent regions of the entrance window (EW), consisting of partially
sensitive dead layers (DL), the p-layer and the n−-silicon bulk. The
charge collection eﬃciency, CCE(z), depends on the depth, z, at which
the charge carriers have been generated. Inside the DL the CCE is set to
0. Events with partial energy deposition in the X-ray range are neglected
and not illustrated.
called "partial events" is neglected in the calculation of the QE in this work.
In [94] the depth dependent CCE has been ﬁrstly described by an exponential
function with an increasing CCE for larger distances, z, from the dead layers of the
EW (Fig. 5.2). In this work we use the following expression for the CCE(z):
CCE(z) = 1− q · exp(−z
τ
), (5.4)
where q is the amount of charges trapped at the dead layer and p-layer interface
at z = 0, τ the distance at which the CCE has increased from CCE(0) = 1 - q to
CCE(τ) = 1 - q/e. e is Euler’s number.
Fig. 5.3 shows the CCE(z) functions of the pn-Window (red) and the ARC-
Window (brown), which have been determined from QE measurements in the near
UV-Vis range presented in Sec. 5.5. The values of the parameters in the CCE(z)
function are q = 0.04 and τ = 30 nm for the pn-Window and q = 0.23 and τ = 65 nm
for the ARC-Window. The diﬀerence in the CCE originates from the Boron implan-
tation through oxide layers with diﬀerent thicknesses. The implantation through a
49
5. The quantum eﬃciency of Silicon Drift Detectors
Figure 5.3.: CCE function determined for the pn-Window (red) and the ARC-
Window (brown) (comp. Sec. 5.5.1).
thinner oxide layer leads to a deeper implantation depth and to a better robustness
of the window (e.g. for the coupling with the scintillator) but also to a higher defect
density within the p-layer, if the ion dose and ion energy remain constant.
5.2. Derivation of the formula for the quantum
eﬃciency
The number of transmitted photons, NT (E,z), through a medium of thickness z can
be described by Lambert-Beers law
NT (E, z) = N0exp
(
− z
l(E)
)
, (5.5)
where N0 is the number of incident photons and l(E) the absorption length of pho-
tons in the considered media. The number of absorbed photons, NA(E,z), can be
calculated as follows
NA(E, z) = N0 −NT (E, z) = N0
(
1− exp
(
− z
l(E)
))
. (5.6)
The ratio of absorbed to incident photons dNA(E, z)/N0 in the range [z,z+dz] follows
from
dA(E, z) =
dNA(E, z)
N0
=
1
l(E)
exp
(
− z
l(E)
)
dz. (5.7)
Equation 5.7 can also be interpreted as the probability, P(E,z), for an individual
photon to be absorbed in a depth range [z,z+dz].
Due to the fact, that the CCE(z) depends on the depth, z, inside the SDD, where
electrons and holes have been generated, the number of signal electrons, dNe(E,z),
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originating from a certain depth range [z,z+dz], can be calculated by
dNe(E, z) = NphTew(E, θi = 0
◦)dAsv(E, z)G(E)CCE(z). (5.8)
where θi is the angle of the incident photons relative to the detector surface normal
and dAsv(E,z) the energy dependent ratio of absorbed photons inside the sensitive
detector volume in the depth range [z,z+dz]. The total number of detected signal
electrons results from the integration over the sensitive volume thickness, d, of the
SDD:
Ne(E) =
∫ d
0
dNe(E, z) = NphTew(E, θi = 0
◦)G(E)
∫ d
0
CCE(z)dAsv(E, z). (5.9)
Inserting Eq. 5.9 into Eq. 5.3 yields the electron quantum eﬃciency
QE(E) = Tew(E, θi = 0
◦)
∫ d
0
CCE(z)dAsv(E, z). (5.10)
Partial events are neglected in the formula of the QE(E) in Eq. 5.10. Inserting Eq.
5.4 and 5.7 into 5.10 gives
QE(E) = Tew(E, θi = 0
◦)
∫ d
0
(
1− q · exp
(
−z
τ
))
· 1
lSi(E)
exp
(
− z
lSi(E)
)
dz (5.11)
where lSi is the absorption length in silicon. Is the radiation incident under a certain
angle, θi, to the SDD surface normal, the photons are penetrating the p-layer and
Si-bulk under an angle θt. For X-rays holds θi = θt. For near UV-Vis photons
θt = θt(θi) has to be calculated with the equations described by Snell’s law. Eq.
5.12 changes for photons incident under an angle to
QE(E, θi)
= Tew(E, θi)
∫ d′
0
(
1− q · exp
(
−s · cos(θt(θi))
τ
))
· 1
lSi(E)
exp
(
− s
lSi(E)
)
ds,
(5.12)
where z = s · cos(θt(θi)) and d′ = d/cos(θt(θi)).
The CCE is included for the ﬁrst time into the calculation of the quantum ef-
ﬁciency of a SDD, in this work. In order to calculate the QE an expression for
Tew(E,θi) has to be derived for photons from the X-ray and near UV-Vis range
respectively.
In the following, results of the QE in the X-ray and the near UV-Vis range from
calculations are compared to results determined from measurements.
5.3. Setup for photocurrent measurements
Applying bias voltages to the SDD as described in Sec. 3.1.1, is suitable for single
photon (X- or γ-ray) detection, where the detector is sensitive to charge collection
at the anode. To measure the photocurrent the SDD has to be biased in a diﬀerent
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Figure 5.4.: Setup for photocurrent measurements
way, which is described in Fig. 5.4. The back contact is set to - 80 V and the inner
and outer substrates, which act now as the collecting anodes for the electrons, are
set to 0 V. The drift rings and the JFET are ﬂoating. With this biasing the SDD
is operated in the same way as a simple pn-diode. The electrical current, generated
by an incident photon ﬂux, is given by
I =
ΔNch · e
Δt
(5.13)
where ΔNch is the detected charge carriers, which are either electrons or holes. In
the setup illustrated in Fig. 5.4 we measure the hole current, Ih+ , which has the
same magnitude as the electron current, Ie− , within the detector bulk (steady state
condition applies I = Ie− = - Ih+). The power, P, of the incident photon ﬂux is
P =
ΔNphE
Δt
. (5.14)
Solving Eq. 5.13 of the photocurrent for ΔNch and Eq. 5.14 of the incident power
for ΔNph and inserting the results into Eq. 5.3 yields the quantum eﬃciency
QE(E) =
I · E
e · P ·G(E) . (5.15)
The incident power is determined from the measured current, Idio, generated by the
photon ﬂux in a calibrated diode with a known quantum eﬃciency, QEdio, so that:
QE(E) =
I ·Gdio(E)
Idio ·G(E) ·QEdio(E). (5.16)
The calibrated reference diode used in the measurements of the photocurrent is a
silicon diode, so that the conversion eﬃciencies of the deposited energy inside the
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sensitive volume into electrons and holes are equal for the calibrated diode and the
SDD: G(E) = Gdio(E). In this case the quantum eﬃciency in Eq. 5.16 can be
written as
QE(E) =
I
Idio
·QEdio(E). (5.17)
5.4. Quantum eﬃciency in the X-ray range
The absorption length of X-rays in materials of the entrance window of SDDs is
pictured in Fig. 5.5. The SDD consists of a 450 μm thick n−-type Si bulk with an
Figure 5.5.: Absorption length of materials the SDD entrance window. Data are
taken from [21].
entrance window composed of a p-layer, SiO2 and Si3N4 or Al or a combination on
top. The absorption length in Si and the window materials (Fig. 5.5) ranges from
about 100 nm for E = 200 eV to 1000 μm for E = 20000 eV. X-rays, with energies
above 10 keV, are transmitted through the SDD with an increasing probability to
higher energies. The ratio of X-ray photons absorbed inside the SDD entrance
window increases with decreasing photon energy. The photons absorbed in the EW
are either generating none or a fraction of the number of signal electrons compared
to a X-ray photon absorbed inside the Si-bulk.
To calculate the QE given by Eq. 5.12 for X-ray photons, the transmission ef-
ﬁciency, Tew, of X-rays through the entrance window has to be determined. With
Eq. 5.5 the ratio of transmitted photons, Tew,i, through a material with thickness
zi, can be determined by
Tew,i(zi, li(E)) =
NT (zi, li(E))
N0
= exp
(
− zi
li(E)
)
. (5.18)
The insensitive part of the entrance window consists of several layers, n, each layer, i,
with a thickness zi. The transmission eﬃciency through all layers can be calculated
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by
Tew(E) =
n∏
i
Tew,i = exp
(
−
n∑
i
zi
li(E)
)
. (5.19)
If the photons are incident under an angle θ onto the SDD, Eq. 5.19 changes to
Tew(E, θ) =
n∏
i
Tew,i = exp
(
−
n∑
i
zi
cos(θ) · li(E)
)
. (5.20)
Inserting Eq. 5.20 into Eq. 5.12 yields the SDD quantum eﬃciency for X-rays.
Fig. 5.6 shows the calculated QE(E, θ = 0◦) for the pn-Window (red dashed line)
and the change of the QE(E, θ = 0◦), if the CCE(z) function of the pn-Window
is substituted by the CCE(z) = 1 (black solid line) or if the CCE function of an
ARC-Window (dashed brown line) is used. The CCE functions of the pn-Window
Figure 5.6.: Calculated QE(E, θ = 0◦) for a pn-Window and two similar entrance
windows, where only the parameter of the CCE function diﬀers from that
of the pn-Window. Absorption lengths of the materials of the entrance
window are from [21]. The values of the thicknesses zi, are in the range
of several 10 nm. The CCE is shown in Fig. 5.3.
and ARC-Window have been presented in Fig. 5.3, red and brown dashed line. The
charge collection eﬃciency of the pn-Window is close to 1, so that the QE(E, θ = 0◦)
has almost the same value, as if the CCE(z) is set to 1. The CCE function of this
kind of ARC-Window leads to a decrease of the QE(E, θ = 0◦). This is largest in
the energy range 100 eV < E < 700 eV, due to the fact, that the absorption length,
lSi(E), in silicon is minimal (30 nm < lSi < 600 nm) in this energy range, regarding
the energy range from 30 eV to 30000 eV. A smaller absorption length increases the
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ratio of absorbed photons close to the entrance window, where the defect density of
the p-type back contact has its maximum.
The measurement of the QE(E, θ = 0◦) has been performed at the synchrotron
radiation source facility Bessy II of the Helmholtz-Zentrum Berlin. Certain photon
energies can be ﬁltered from the X-ray spectrum, generated by the accelerated elec-
trons, with a grating and crystal monochromator in the energy range 30 to 1800 eV
and 1750 to 10000 eV.
The measurement setup for the photocurrent has been introduced in Sec. 5.3. In
order to determine the electron quantum eﬃciency, QE(E, θ = 0◦), the photocurrent
I = Iirrad− Idark of the SDD and the calibrated silicon diode has to be inserted into
Eq. 5.17, where Iirrad is the current during irradiation and Idark the dark current.
Furthermore, the ratio of the electron currents inside the synchrotron ring at the
times when the photocurrent has been measured with the calibrated diode, Iring(tdio),
and the SDD, Iring(tSDD), has to be multiplied to Eq. 5.17 as a correction, because
the electron current inside the synchrotron ring changes with time. Thereby the
following expression results for the quantum eﬃciency:
QE(E, θ) =
Iirrad − Idark
Idio,irrad − Idio,dark ·QEdio(E, θ) ·
Iring(tdio)
Iring(tSDD)
. (5.21)
Figure 5.7.: Measured and calculated QE(E, θ = 0◦), for a SDD with pn-Window.
The absorption lengths used in the calculations are from [76] (blue curve)
and [21] (red curve).
Fig. 5.7 shows the measured and calculated QE(E, θ = 0◦) for a SDD with pn-
Window. Down to an energy of E = 300 eV the measured and calculated QEs are in
good agreement within the error bars of the measured values. In the energy range 100
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to 200 eV the calculated blue QE(E, θ = 0◦) curve in Fig. 5.7 is in good agreement
with the measured values within the error bars. In the energy range 70 to 95 eV the
measured values are in no agreement with the calculated values within the error bars
of the measured values. The errors of the absorption lengths from literature are not
known. It is thus not possible to state whether the measured QE(E, θ = 0◦) values
are in agreement with the calculated values inside the measured and calculated error
bars or not. In the energy range below 70 eV the measured QE(E, θ = 0◦) values are
in agreement with the calculated QE(E, θ = 0◦) (red curve) within the error bars of
the measured values.
In total, the model for the calculation of the QE(E, θ) is accurate and can be used
as a prediction tool. The CCE has a non-negligible eﬀect on the QE(E, θ = 0◦) of the
ARC-Window in the range 100 - 600 eV and a negligible eﬀect on the QE(E, θ = 0◦)
of the pn-Window in the X-ray range above 50 eV.
5.5. Quantum eﬃciency in the near ultra violet
and visible range
The SDD entrance window, developed for the detection of scintillation photons,
consists of a Si3N4, SiO2 and a p-type silicon layer. All these layers have certain
thicknesses. The EW can be optimized for scintillation photons in the near ultra
violet and visible range to allow a high QE. The thicknesses and the complex index
of refraction, n, of the layers of the SDD entrance window determine the wavelength
dependent QE. The calculation of the reﬂection, r, and transmission coeﬃcient, t, of
the SDD entrance window in dependence of the layer thicknesses and the refraction
index, is described in the App. C.
The reﬂectance Refl and transmittance TARC are deﬁned by the ratios of the time
averaged power of the reﬂected, Pr, and the transmitted, Pt, to the incident plane
wave, Pi, [95].
Refl =
Pr
Pi
=
Ir · Ar
Ii · Ai =
Re(nr)
0c0
2
|Er|2
Re(ni)
0c0
2
|Ei|2
=
∣∣∣∣ErEi
∣∣∣∣2 = |r|2 (5.22)
TARC =
Pt
Pi
=
It · At
Ii · Ai =
Re(nt)
0c0
2
|Et|2
Re(ni)
0c0
2
|Ei|2
=
Re(nt)cosθt
Re(ni)cosθi
∣∣∣∣EtEi
∣∣∣∣2 = Re(nt)cosθtRe(ni)cosθi |t|2
(5.23)
where I is the intensity, A the irradiated area, Re(n) the real part of the complex
index of refraction, E the electric ﬁeld amplitude, 0 the dielectric constant and c the
velocity of light. The reﬂectance, Refl(E, θi), and the transmittance, TARC(E, θi),
are dependent on the photon energy, E, and its angle of incidence, θi.
The formulas 5.22, 5.23 and C.16 are used to calculate the reﬂection and trans-
mission of UV-Vis photons through thin ﬁlms.
5.5.1. Measured and calculated quantum eﬃciency
In order to calculate the quantum eﬃciency for near UV-Vis photons, ﬁrst the trans-
mission, TARC(E,θi) (see Eq. 5.23), of optical photons through the SDD entrance
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window, which has an anti-reﬂection-coating (ARC), has to be evaluated by insert-
ing the results of Eq. C.16 into Eq. 5.23. Substituting TARC for Tew in the Eq. 5.12
yields the QE for near UV-Vis photons:
QE(E, θi) = TARC(E, θi)
∫ d′
0
CCE(s · cos(θt(θi))) · dAsv(E, s). (5.24)
The QE in the near UV-Vis range is usually expressed in dependence on the wave-
length of the incident photons. The conversion of the photon energy, E, into the
photon wavelength, λ, is described by
λ =
hc
E
, (5.25)
[96] where h is the Planck’s constant and c the velocity of light. The antireﬂection
coating (ARC) of the SDD entrance window (EW) consists of a Si3N4-layer on top
of a SiO2-layer, which is on top of p-type silicon. Fig. 5.8 shows the calculated
Figure 5.8.: Calculated QEe(θi = 0◦) for an ARC consisting of a stack of layers,
Si3N4 + SiO2 + silicon, with varying Si3N4- and SiO2-layer thicknesses
for photons with a wavelength of λ = 355 nm or 550 nm. The charge
collection eﬃciency is set to CCE = 1. Photons are penetrating from
the air.
QE(λ, θi = 0◦) for photons, incident perpendicular onto the SDD EW, with wave-
lengths of λ = 355 nm and 550 nm, in dependence of the thicknesses of the Si3N4-
and SiO2-layer. These λ are the wavelengths of the emission maximum of the scin-
tillation spectra of LaBr3(Ce) and CsI(Tl). The CCE is set to 1. The maximum
QE(λ, θi = 0◦) for photons with a wavelength of λ = 355 nm is reached for an ARC
with SiO2- and Si3N4-layer thicknesses of about 0 nm and 38 nm respectively. A
negative eﬀect of this EW is that the Si3N4-Si interface exhibits more defects than
the SiO2-Si interface, so that the leakage current from the interface increases and the
CCE at the interface decrease. For a better electrical performance a homogeneous
SiO2-layer should be between the p-type silicon and the Si3N4-layer. To assure a
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homogeneous SiO2-layer, its thickness is set to 20 nm. A homogeneous SiO2-layer
with a thickness of less than 20 nm is diﬃcult to manufacture and the probability for
pin holes increases with decreasing thickness. An ARC with a SiO2-layer thickness
of 20 nm has a maximal QE(λ = 355 nm,θi = 0◦) for a Si3N4-layer thickness of
about 20 nm. The maximum QE for photons with a wavelength of λ = 550 nm is
for an ARC with a SiO2-layer thickness of about 20 nm and a Si3N4-layer thickness
of about 40 nm.
In the following calculated and measured results of the QE(λ, θi = 0◦) for photons
in the wavelength range from 300 to 1100 nm are compared and discussed.
Figure 5.9.: Calculated and measured QE(λ, θi = 0◦) for two entrance windows, opti-
mized for scintillation photons from CsI(Tl) (red curve) and LaBr3(Ce)
(black curve). For the calculations, the CCE is set to 1 in both cases.
Maximum of the scintillation spectrum of CsI(Tl) is at 550 nm and
of LaBr3(Ce) at 355 nm. The measurements have been performed by
Gigaherz Optik GmbH.
Fig. 5.9 shows the measured (stars and crosses) and calculated (solid lines)
QE(λ, θi = 0◦) for two Anti reﬂection coatings (ARCs). One ARC is optimized for
the scintillation spectrum of CsI(Tl) (red) and the other for LaBr3(Ce) (black). The
charge collection eﬃciency has been set to CCE = 1 in the calculated QE(λ, θi = 0◦).
In the wavelength range 300 to 600 nm the measured QE(λ, θi = 0◦) values lie below
the calculated ones.
To investigate the origin of the diﬀerence between the measured and calculated
values, three entrance windows have been built with diﬀerent Boron implantation
depths. This has been achieved by implanting with the same ion dose and energy
through SiO2-layers of three diﬀerent thicknesses. An increasing implantation depth
leads to an increase of the defect density in the p-layer, which results in diﬀerent
CCE functions for the three entrance windows. These entrance windows have a lower
transmittivity and QE, due to the fact, that there is no antireﬂection coating on top
of the p-layer. Fig. 5.10 (left picture) shows the measured (dots) and calculated
(dashed and solid lines) QE(λ, θi = 0◦). In the UV range the CCE reduces the QE
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Figure 5.10.: Calculated and measured QE(λ, θi = 0◦) at room temperature for three
diﬀerent implantation depths and no ARC layers on top of the p-layer.
The inﬂuence of the CCE is included in the calculations. The CCE
functions resulting from the three implantation procedures are plotted
on the right hand side.
at the interface SiO2-p-layer by about 4 % for the most shallow implantation depth
compared to about 23 % for the deepest implantation depth. The CCE functions
for these 3 implantation depths are shown in Fig. 5.10 in the graph on the right
hand side.
Calculations of the QE(λ, θi = 0◦) with the CCE(z) (see Fig. 5.10 brown solid
line) function
CCE(z) = 1− q · exp(−z
τ
) = 1− 0.23 · exp
(
−z[nm]
65nm
)
(5.26)
are illustrated in Fig. 5.11 (red and black solid lines), which can be compared to
the measured QE(λ, θi = 0◦) (red stars and black crosses). Including the CCE into
the calculation leads to a good agreement between the measured and calculated
QE(λ, θi = 0◦).
To verify the validity of the calculated QE values for incident photons with an
angle not equal to 0◦ to the SDD surface normal, measured and calculated values of
the QE for the two entrance windows, introduced in Fig. 5.11 (angle of incidence:
0◦), have been performed for an angle of incidence of 65◦. The results are shown in
Fig. 5.12. The measured and calculated QE(λ, θi = 65◦) are in agreement within
the error bars. The QE is smaller than for photons with an angle of incidence of 0◦.
The knowledge of the angle dependent QE is necessary for the determination of
the overall quantum eﬃciency, η, for scintillation photons, which are incident with
angles in the range from 0 to 90◦ onto the SDD entrance window.
In this section it has been shown that the experimentally determined QE(λ, θi)
can be fully described by the theory of the angle dependent transmission through
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Figure 5.11.: Calculated and measured QE for the two entrance windows. The CCE
function used for the calculation is plotted in Fig. 5.10 on the right
(brown line). Integration of the CCE in the QE improves the coin-
cidence between measurement and calculation signiﬁcantly. Measure-
ments have been performed by Gigaherz Optik GmbH.
Figure 5.12.: Calculated and measured QE(λ, θi = 65◦) for the two entrance windows
for an incident photon angle of 65◦. The inﬂuence of the CCE is
included into the calculations.
the materials of the SDD entrance window and the introduced CCE function of the
ARC-Window in dependence of wavelength and the angle of incidence.
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5.5.2. Quantum eﬃciency for photons from CsI(Tl) or
LaBr3(Ce)
Figure 5.13.: Calculated QEs of the two entrance windows introduced in Fig. 5.11
for incident photons from CsI(Tl) and LaBr3(Ce) passing an optical
coupler (on the left). The corresponding smoothed QE is in the Fig.
on the right.
The QE of the two introduced entrance windows for photons incident from air as
shown in Fig. 5.11 is higher in the wavelength range between 300 nm to 600 nm,
compared to photons, which are generated inside the scintillators, CsI(Tl) and
LaBr3(Ce), passing an optical coupler, with an index of refraction of n = 1.46 (Opti-
cal couplers have usually a refractive index around 1.5), before penetrating into the
ARC (see Fig. 5.13). The oscillations in the left picture (Fig. 5.13) originate from
interference of the electromagnetic waves, due to multiple reﬂections on the front
and back interface of the optical coupler. In the right picture (Fig. 5.13) the oscil-
lating curves have been smoothed to compare their mean value, whereby the dashed
lines are the scintillation spectra of CsI(Tl) (green dotted line) and LaBr3(Ce) (blue
dotted line). The diﬀerence of the QEs between the two entrance windows is smaller
compared to photons incident from the air (see Fig. 5.11). There is an improvement
of the QE for long wavelengths above 800 nm, but the optimization in the range 300
to 400 nm is almost lost.
Fig. 5.14 shows the calculated QE (including the CCE of the ARC-Window) for
355 and 550 nm photons incident perpendicular from LaBr3(Ce) and CsI(Tl) onto
the optical coupler and SDD entrance window in dependence on the thicknesses of
SiO2 and Si3N4. The developed SDD entrance windows for scintillation photons from
the scintillators LaBr3(Ce) and CsI(Tl) cannot be optimized further by changing the
layer thicknesses, if the SiO2 layer thickness is not reduced below 20 nm.
For photons incident from a medium with a refraction index, ni, onto an interface
with another medium with a lower refractive index value, nt, there exists an angle
between the direction of propagation of the incident photons and the surface normal,
ϑT , above which photons are totally reﬂected at the interface. The angle of total
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Figure 5.14.: Calculated QE for photons with wavelengths of 355 and 550 nm, gen-
erated inside LaBr3(Ce) and CsI(Tl), incident perpendicular into the
SDD after passing the optical coupler.
reﬂectance is given by
ϑT = arcsin
(
nt
ni
)
. (5.27)
Photons generated inside a scintillator are reaching the SDD entrance window
with angles with respect to the surface normal in the range from 0 to 90◦. Thus it
is important to know the angle dependence of the quantum eﬃciency.
The angle dependent QE for photons, which are generated inside the CsI(Tl) or
LaBr3(Ce) crystal and passing through an optical coupler before reaching the SDD,
where they are absorbed, is illustrated in Fig. 5.15. The QE decreases slightly with
Figure 5.15.: Angle dependent QE for photons with wavelengths of 355 nm (blue) and
550 nm (green) generated inside LaBr3(Ce) and CsI(Tl), passing the
optical coupler before reaching the SDD EW with an angle of incidence
perpendicular to the SDD entrance window.
an increasing angle of the incident photons with respect to the surface normal of
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the entrance window. Approaching the angle of total reﬂection, ϑT , leads to a faster
decrease of the QE, until it becomes 0 for incident angles equal or greater than ϑT .
The existence of an angle of total reﬂection could lead to a reduction of the system
quantum eﬃciency, η.
ϑT is 54◦ ( 41◦) for photons with a wavelength of 550 nm (355 nm), because
the SiO2 layer of the EW has an index of refraction of n ≈ 1.5, which is smaller
than that of CsI(Tl) (LaBr3(Ce)) scintillator, nCsI(T l) = 1.8 (nLaBr3(Ce) = 2.3). The
second layer of the EW, Si3N4, has a refraction index of about nSi3N4 = 2 and silicon
is in the range of nSi = 3.7 to 6.8.
Subsequently some methods to increase the QE, which have not been implemented
into ARC-Windows yet, are presented. To avoid total reﬂection the refraction index
of the scintillator has to be smaller than the refractive indexes of the entrance
window materials and silicon. This can be achieved by using a scintillator with a
refraction index smaller than n < 1.5 or by constructing an entrance window without
a SiO2-layer, but a Si3N4-layer (see Fig. 5.16), if the SDD is coupled to a CsI(Tl)
scintillator. The disadvantages of such a window is the higher defect density of the
Figure 5.16.: QE of an entrance window with an ARC, which consists only of a Si3N4
layer, for photons generated inside the CsI(Tl) scintillator, which is
directly coupled to the SDD. On the left: QE plotted against the wave-
length. On the right: QE for photons with a wavelength of λ = 550 nm
plotted against the incident angle.
Si3N4-silicon interface compared to the SiO2-silicon interface (see Sec. 5.5.1) and the
fact that an optical coupler with a refraction index of at least the refraction index of
the used scintillator has to be used, in order to avoid an angle of total reﬂection. The
common optical couplers with the physical condition of a gel, rubber or adhesive,
have a refraction index around 1.5 (Wacker Silicones, Precision Converting, Cargille
Labs, Norland Products, Polytec PT GmbH, leuna harze). Fluids with a refraction
index of 1.8 and higher are available, but they have a higher absorption ratio than
couplers with a lower refraction index and are corrosive and hazardous. Moreover
ﬂuids cannot be used as permanent couplers.
There is still room for improvements of the QE for scintillation photons generated
in LaBr3(Ce). First a narrower p-layer improves the CCE (see Fig. 5.10: right
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hand side, green line), which results into an increase of the quantum eﬃciency to
QEa ≈ 0.70 (Fig. 5.17 bright blue line). Secondly a smaller thickness of the SiO2-
layer of the ARC leads to a further increase of the quantum eﬃciency to a value of
QEb ≈ 0.76 (Fig. 5.17 brown line). As the homogeneity of the SiO2-layer cannot be
guaranteed, investigations for the deposition of very thin and homogeneous SiO2-
layers (< 20 nm) are needed, before the realization of such an entrance window is
possible. Thirdly an ARC consisting of a SiO2-Si3N4-SiO2 layer sequence with an
optical coupler having a refractive index equal to that of LaBr3(Ce), produces a
QEc ≈ 0.87 (Fig. 5.17 blue line). This option is also diﬃcult to realize, because
optical couplers with high refractive index, which is close to that of LaBr3(Ce) are
needed.
Figure 5.17.: Calculated QE for photons penetrating from LaBr3(Ce) for three EWs,
which have a larger QE around 355 nm, compared to the EWs presented
in Fig. 5.13.
Due to the coupling of the scintillator to the SDD with an optical coupler and the
angle dependence of the QE, the maximum achievable QE especially for scintillation
light from LaBr3(Ce) is limited. Entrance windows have been developed with QEs
of 0.9 and 0.5 for scintillation photons from CsI(Tl) and LaBr3(Ce) respectively.
To conclude, we investigated in this chapter the quantum eﬃciency of SDDs for
incident X-rays and ultra violet to visible photons generated inside the scintillator.
Over the whole energy range the measured values of the QE can be reproduced by
the presented models. Possibilities to improve the entrance window, especially in
the UV-Vis range have been presented.
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Figure 6.1.: Photo of a 100 mm2 SDD coupled to a cylindrical scintillator.
As photodetectors, SDDs have been used with a circular or square shaped active
area of 30 mm2 and 100 mm2. The entrance windows of these SDDs consist of an
anti reﬂection coating (ARC) optimized for the near UV - Vis range. The SDDs
are coupled with an optical pad and/or silicon grease to the scintillators CsI(Tl)
or LaBr3(Ce), which have been manufactured by Hilger Crystals and Saint Gobain
Crystals. Millipore ﬁlter paper with a pore size of 25 nm [97] and a multilayer
ﬁlm, VM2002, have been used as diﬀuse and specular reﬂectors. The reﬂectivity of
VM2002, which is labeled today as enhanced specular reﬂector (ESR), is larger than
0.98 [98]. Results from spectroscopic measurements indicate that the reﬂectivity of
5 to 6 layers Millipore paper is supposed to have a similar reﬂectivity as the VM2002
reﬂector.
The dimensions of the used scintillators are listed in Tab. 6.1. Parameters of
scintillator CsI(Tl) LaBr3(Ce)
doping 0.1 - 0.13 mole % Tl 5 % Ce
shape cylindrical cubic cylindrical
	 4.5 mm 	 9.0 mm 4 x 4 mm2 	 5 mm
5 5 5 5
thickness [mm] 10 10 10
20 20
Table 6.1.: CsI(Tl) and LaBr3(Ce) scintillator dimensions and concentrations of Tl
and Ce used in our measurements.
CsI(Tl) and LaBr3(Ce) are speciﬁed in Table 6.2.
The long scintillation decay times of CsI(Tl) are the reason for the ballistic deﬁcit,
if shaping times, tS, shorter than 12 μs are used. Even at tS =12 μs, there is
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scintillator CsI(Tl) LaBr3(Ce)
emission maximum [nm] 550a,b, 565c 355e
light yield [photons/keV] at 662 keV 65g 65h
decay time [μs] at 20◦C τ1=0.5 - 0.9f , τ2=1 - 16f 0.03k
at - 20◦C τ1=1.1f , τ2=9.5f
refraction index at λmax 1.8a,b,c 2.3d
density [g/cm3] 4.51a,b,c 5.08a
Zeff 54l 47l
absorption coeﬃcient [cm−1] at 500 keV 0.44 0.44
hygroscopic slightlya,b, noc yesa
after glow [%] 0.5 - 5 (6 ms)l very low
radiation background no yes
Table 6.2.: Properties of CsI(Tl) and LaBr3(Ce) given by aS. Gobain, bScionix,
cHilger Crystals and d[99], e[63, 68], f [59], g[100, 59], h[51], k[101, 63],
l[14].
ballistic deﬁcit, so that about 94 % of the generated electrons are collected at the
anode (Fig. 6.2 graph on the right). For LaBr3(Ce) + SDD only the drift time of
the electrons inside the SDD to the anode determines their collection time after a
gamma event, because of the short decay time of 30 ns of scintillation photons in
LaBr3(Ce). Fig. 6.2 (on the right) shows the amplitude of the preampliﬁer output
plotted against the time for two temperatures, 10◦C and - 20◦C for the system SDD
+ LaBr3(Ce) scintillator. The dimensions of cylindrical LaBr3(Ce) scintillator are:
5 mm diameter and 10 mm thickness. The output signal is proportional to the
number of the collected signal electrons. The drift path length is in the range from
0 to 2.5 mm. The rise time of the preampliﬁer output signal is about 300 ns at
- 20◦C and 420 ns at 10◦C, which is in agreement to the drift time of electrons for
a distance of 2.5 mm inside silicon and for an applied ﬁeld of 520 V/cm convolved
with the rise time of the preampliﬁer, which is about 50 ns. The electron drift time
inside the SDD is in this case the reason for a ballistic deﬁcit towards very short
shaping times below 500 ns and it sets the limitation for the maximal possible count
rate capability.
For CsI(Tl) + SDD the scintillation decay time exceeds the drift time of the
electrons to the anode. The time dependent amount of the collected signal charge
at 10◦C and - 20◦C for the detector CsI(Tl) + SDD is shown in Fig. 6.2 (on the
right). The total amount of generated scintillation photons, Jint(t), for a time, t,
after a γ-event, can be described by formula [48]
Jint(t) =
[∫ t
0
2∑
i=1
Ji ·
(
exp
(
− t
τi
)
− exp
(
− t
τr,i
))
dt
]
· 1
Cn
(6.1)
where Ji is the amplitude, τi and τr,i the scintillation decay and rise times of the i-th
decay channel. Cn is a normalization constant. Neglecting the contribution of the
drift time of the electrons inside the SDD and the rise time of the preampliﬁer, we
ﬁtted formula 6.1 to the measured output signals shown in Fig. 6.2 on the right. The
obtained ﬁtting parameters are τ1 ≈ 1500 ns, τ2 ≈ 15000 ns with the scintillation
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Figure 6.2.: Measured rise time of the preampliﬁer output of SDD + LaBr3(Ce) (left
ﬁgure) and SDD + CsI(Tl) (right ﬁgure) at 10◦C and - 20◦C.
rise times τr,1 = τr,2 = 20 ns (τr, which have been adapted from [59]). The intensity
amplitudes are J1 ≈ 0.73 and J2 ≈ 0.04 for 10◦C and - 20◦C. τ1 and τ2, without the
contribution of the SDD, are shorter than deduced from the ﬁt, because the drift
time of the electrons (300 - 400 ns) and the rise time of the preampliﬁer (50 ns) have
not been included into the formula used to ﬁt the measured data. Our deduced decay
times at - 20◦C and 10◦C for the CsI(Tl) scintillator are slightly longer compared
to values determined by [59].
The light yield of CsI(Tl) reported in literature is about 65 photons/keV [50, 100]
for incident γ-rays with an energy of E = 662 keV. For Tl concentrations in the range
0.1 to 0.3 mole % the light yield is almost constant [102, 103, 104]. For LaBr3(Ce)
it is about 60-65 photons/keV for E = 662 keV [51, 100, 105]. In literature a slight
increase of the light yield of LaBr3(Ce) with an increasing Ce concentration from
0.5 to 5 % and a drop to higher concentrations has been measured [106, 107].
6.1. Results from spectroscopic measurements in
the range 6 to 662 keV
In this section results from spectroscopic measurements with single cell SDDs cou-
pled to CsI(Tl) or LaBr3(Ce) are discussed. First the ENCel of the used SDDs for
three temperatures are shown in Fig. 6.3. Measurements have been performed with
shaping times in the range from 0.5 to 12 μs. For temperatures equal or larger than
0◦C the ENCel decreases to shorter tS. This is due to a reduced number of collected
electrons, originating from the leakage current. For −20 ◦C the ENCel changes only
slightly with tS and has a minimum at tS = 1 μs or tS = 2 μs. The value of ENCel
has been calculated from the photo and noise peak of the directly detected spectrum
generated after irradiation of the SDD with the 109Cd (E = 22.1 keV) source:
ENCel =
σnoise
XCd −Xnoise ·
ECd
w
(6.2)
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Figure 6.3.: Equivalent noise charge if the electronic noise (ENCel) dependent on the
shaping time and temperature. Results for a 30 mm 2 (left graph) and
100 mm 2 (right graph) SDD.
where XCd and Xnoise are the channel numbers of the photo and noise peak positions
at ECd = 22.1 keV and E = 0 keV. The relative energy resolution, R, is calculated
by
R(E) = 2.35
σ(E)
X(E)−Xnoise (6.3)
where σ(E) is the standard deviation of the photo peak and X(E) its position
determined in indirect detection mode. The number of signal electrons per keV is
given by
N e(E)
E
=
X(E)−Xnoise
XCd −Xnoise ·
ECd
w
· 1
E
. (6.4)
Measured results of R and N e/E, with a 30 mm 2 and 100 mm 2 SDD coupled to
a cylindrical CsI(Tl) with a diameter of 	 = 4.5 mm or 9.0 mm and a thickness of
5 mm, at 0◦C are shown in Fig. 6.4 and 6.5. The detectors have been irradiated
with 55Fe (5.9 keV), 109Cd (22.1 and 24.9 keV), 241Am (59.5 keV), 57Co (122 and
136.5 keV) and 137Cs (662 keV) sources. The energy resolution has its minimum at
a shaping time of tS = 12 μs for energies E ≥ 60 keV. For photons with an energy
of 22 keV and 6 keV the minimum of R is at tS = 6 μs and tS = 2 μs, due to the
smaller number of generated signal electrons, the energy resolution is more sensitive
with respect to the electronic noise contribution, which increases with increasing
shaping time, tS. The long decay time of the scintillation light in CsI(Tl) leads to
ballistic deﬁcit for tS ≤ 12 μs. The value of N e/E increases from 6 keV to 22 keV
and decreases to higher γ-energies, such as 60 keV, 122 keV and 662 keV (Fig. 6.5).
Measurements of R and N e/E for the γ-detector consisting of a 30 mm2 SDD
coupled to a cylindrical LaBr3(Ce) scintillator with a diameter of 	 = 5 mm and a
thickness of 5 mm are shown in Fig. 6.6 and 6.7. The detector temperature is 0◦C
and it is irradiated with 241Am, 57Co and 137Cs sources. There is no dependency
of R and N e/E on the shaping time in the range tS = 0.25 to 4 μs, because of
an almost constant electronic noise and due to the fact that there is only a small
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Figure 6.4.: Relative energy resolution, R, of 30 mm2 (on the left) and 100 mm2
(on the right) SDDs coupled to cylindrical CsI(Tl) with the dimensions
	 = 4.5 (on the left) and 9 mm (on the right) and 5 mm thickness
dependent on shaping time and γ-energy at 0◦C.
Figure 6.5.: Measured number of signal electrons per keV, Ne/E, for the systems
consisting of a SDD with an active area of 30 mm2 (on the left) and
100 mm2 (on the right) coupled to cylindrical CsI(Tl) with the dimen-
sions 	 = 4.5 (on the left) and 9 mm (on the right), and 5 mm thickness,
plotted against shaping time for diﬀerent γ-energies at 0◦C. The used
reﬂector is Millipore paper.
ballistic deﬁcit for the shaping time tS = 0.25 μs. Compared to the γ-detector SDD
+ CsI(Tl) the value of N e/E is 2.5 times lower for the system SDD + LaBr3(Ce).
The reason for a lower value of N e/E is the lower quantum eﬃciency of the SDD for
photons from the near ultra violet range compared to the visible range. The better
energy resolution of LaBr3(Ce) at 662 keV is due to the fact, that its light yield is
more proportional compared to the light yield of CsI(Tl) in the energy range 60 to
662 keV. This will be discussed in the next sections.
Some spectra measured with the γ−detectors SDD+ CsI(Tl) and SDD+ LaBr3(Ce)
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Figure 6.6.: Measured relative energy resolution, R, of a 30 mm2 SDD coupled to a
cylindrical LaBr3(Ce) with the dimensions 	 = 5 mm and a thickness
of 5 mm, plotted against shaping time and dependent on the γ-energy
at 0◦C.
Figure 6.7.: Measured mean number of signal electrons per keV, N e/E, with a
30 mm2 SDD coupled to the cylindrical LaBr3(Ce) with the dimensions
	 = 5 mm and a thickness of 5 mm, plotted against shaping time and
dependent on the γ-energy at 0◦C.
are illustrated in Fig. 6.8 and 6.9. The spectra show the photo, escape, Pb ﬂuo-
rescence peaks from the collimator and for higher energies also events generated
by Compton scattering of the incident γ-rays. The shoulder of the photo peak at
59.5 keV is originating from the non-proportionality contribution of CsI(Tl) and will
be explained in Sec. 6.2.1.
Due to the aluminium housing of the LaBr3(Ce) scintillator, X-rays from the
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Figure 6.8.: Spectra of a 100 mm2 SDD coupled to CsI(Tl) measured with a shaping
time of 12 μs during irradiation with diﬀerent sources.
55Fe source are absorbed inside the Aluminum, so that photons with the energies
E = 5.9 keV and 6.5 keV could not be detected in the system SDD + LaBr3(Ce).
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Figure 6.9.: Spectra of a 30 mm2 SDD coupled to LaBr3(Ce) measured at - 20◦C with
a shaping time of 2 μs during irradiation with diﬀerent sources.
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6.1.1. Energy resolution and light yield dependence on the
photon energy
In the following the results from measurements of the temperature and energy depen-
dent energy resolution, R, and number of generated signal electrons per keV N e/E
will be discussed. The analytical formula for the total relative energy resolution has
been derived in Chap. 4:
R ≈
√
R2Fano−Scint +R
2
T +R
2
η +R
2
Bino +R
2
el
=
√
R2T +R
2
η +R
2
stat +R
2
el
(6.5)
where
Rstat =
√
R2Fano−Scint +R
2
Bino. (6.6)
The statistical noise, Rstat, is the sum of the Fano and binomial noise contributions.
Fig. 6.10 shows for the detector system consisting of a SDD coupled to CsI(Tl)
the measured energy resolution (squares) and the contributions to the energy reso-
lution of the electronic (broken lines), statistical noise (dotted lines) and their sum.
The values in between the discrete energies of the measured values are guides to the
eye. It is recognizable that the contributions of RT and Rη have to be signiﬁcant,
Figure 6.10.: Energy and temperature dependent energy resolution, R, measured at
12 μs shaping time with a 30 mm2 SDD coupled to a cylindrical CsI(Tl)
with 	 = 4.5 mm and d = 5 mm, wrapped into Millipore paper. FCsI
= 0.28 and wCsI = 14 eV.
especially in the energy range above 22 keV. Due to an increase of the absolute
number of scintillation photons for higher photon energies, the electronic and sta-
tistical noise contributions decrease with increasing energies. Their values become
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important for energies lower than 60 keV. RT > 0 results from the non-proportional
light yield of the scintillator.
Figure 6.11.: Energy and temperature dependent number of generated signal electrons
per keV, N e/E, measured at 12 μs shaping time with a 30 mm2 SDD
coupled to a cylindrical CsI(Tl) with 	 = 4.5 mm and d = 5 mm,
wrapped into Millipore paper.
Fig. 6.11 shows the temperature and energy dependent mean number of the
measured signal electrons per keV, N e/E, for the detector system consisting of
SDD + CsI(Tl). N e/E increases from 6 keV to 22 keV and decreases to higher
energies. N e/E is lower at lower temperatures. If the CsI(Tl) scintillator is cooled
from 10 ◦C to - 20 ◦C N e/E decreases by about 3 and 4 photons per keV.
Fig. 6.12 shows the temperature and energy dependent energy resolution, R, of
the detector system consisting of a single SDD cell coupled to LaBr3(Ce). The Fano
factor of LaBr3(Ce) is not known yet. It is set to the maximum possible value,
FLaBr3 = 1, which leads to an estimation of the energy resolution, which is poorer
compared to the real case. It is clearly visible that also for this detector type the
contribution of the two terms RT and Rη have to be signiﬁcant, as is illustrated by
the gap between the measured resolution and the contributions of the electronic and
statistical noise. The statistical noise contribution of the detector SDD + LaBr3(Ce)
is higher compared to that of the detector SDD + CsI(Tl), due to the lower number
of scintillation photons reaching the SDD, because of its lower QE for scintillation
photons from LaBr3(Ce). The electronic noise has only a minor contribution to
the peak broadening compared to the detector SDD + CsI(Tl). A shorter shaping
time can be used in the measurements with LaBr3(Ce) without a ballistic deﬁcit
in contrast to measurements with CsI(Tl), due to a much faster decay time of the
scintillation light in LaBr3(Ce).
In Fig. 6.13 the temperature and energy dependent number of signal electrons
per keV, N e/E, are plotted for the detector SDD + LaBr3(Ce). The value of N e/E
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Figure 6.12.: Energy and temperature dependent energy resolution of a 30 mm2 SDD
coupled to a cylindrical LaBr3(Ce) with 	 = 5 mm and d = 10 mm,
enclosed into a vacuum sealed aluminum housing with a glass window,
measured at 1 μs shaping time. FLaBr3 = 1 and wLaBr3 = 13 eV.
Figure 6.13.: Energy and temperature dependent number of signal electrons, N e/E,
of a 30 mm2 SDD coupled to a cylindrical LaBr3(Ce) with 	 = 5 mm
and d = 10 mm, enclosed into a vacuum sealed aluminum housing with
a glass window, measured at 1 μs shaping time.
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for LaBr3(Ce) is much lower than for CsI(Tl), because of a lower quantum eﬃciency
of the SDD entrance window and losses, due to the crystal packaging. Above 60 keV
the light yield is nearly constant. There is also a small decrease of the value N e/E
to lower temperatures. In Fig. 6.14 the normalized values of the number of signal
electrons per keV, which is proportional to the light yields of the two crystals are
presented. The variation of the normalized values of N e/E with energy is much
lower for the system SDD + LaBr3(Ce) than for the system SDD + CsI(Tl) for
energies equal or larger than 60 keV.
Figure 6.14.: Measured energy dependent normalized values of N e/E at 10◦C. The
data are taken from Fig. 6.11 and 6.13 and are normalized to 1 at 662
keV.
6.1.2. Eﬀect of the light and charge collection eﬃciency
In Fig. 6.15 two spectra are illustrated, which are measured with a detector con-
sisting of a bare cylindrical CsI(Tl) scintillator with a diameter of 	 = 5 mm and a
thickness of d = 10 mm, wrapped into a reﬂector and coupled with optical grease to
a SDD. Wrapping the scintillator into a reﬂector is very important to improve the
collection eﬃciency and uniformity of scintillation photons. The use of a reﬂector
improves the energy resolution and increases the number of detected photons.
Results from spectroscopic measurements with cylindrically and cubically shaped
scintillators with a diameter of 4.5 mm or a face with an area of 4 x 4 mm2 and
thicknesses of 5, 10 and 20 mm are presented in the following. Measurements have
been performed with CsI(Tl) wrapped into a diﬀuse, Millipore paper [97], and a
specular reﬂector, VM2002 [98].
Fig. 6.16 shows the measured relative energy resolution, R, and the mean number
of detected signal electrons per keV, N e/E, at the SDD anode after irradiation of
the CsI(Tl) scintillator with a 57Co (122 keV) source. For cylindrically and cubically
shaped CsI(Tl), the enery resolution increases from 0.057 to 0.062 (Fig. 6.16), if
the scintillator thickness increases from 5 mm to 20 mm. The detector with the
cubical CsI(Tl) scintillator has a slightly better energy resolution. Comparing R of
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Figure 6.15.: Measured spectrum with CsI(Tl) + SDD with a shaping time of 10 μs,
at room temperature after irradiation with a 137Cs source without (on
the left) and with reﬂector (on the right). The cylindrical CsI(Tl) has
a diameter of 5 mm and a thickness of 10 mm. The ampliﬁer gain of
the left spectrum is by a factor 2.2 larger than for the right spectrum.
CsI(Tl) wrapped into the Millipore paper or the VM2002 reﬂector, shows that the
wrapping into the diﬀuse Millipore paper reﬂector leads predominantly to a slightly
better energy resolution. In Fig. 6.16 it can also be observed that the measured
Figure 6.16.: Measured energy resolution and number of signal electrons per keV at
10◦C with a shaping time of ts = 12 μs for cylindrical (black) and cu-
bical (red) CsI(Tl) scintillators of diﬀerent thicknesses with a diameter
of 4.5 mm or a face of 4 x 4 mm2. The energy of the incident photons
is 122 keV.
mean number of signal electrons per keV, N e/E, decreases from about 58 for 5 mm
to 52 for 20 mm thick CsI(Tl). Cubically shaped CsI(Tl) scintillators have a larger
value of N e/E than cylindrically shaped CsI(Tl) scintillators. The diﬀerence is
about 2 photons/keV. The light collection eﬃciency of the diﬀuse Millipore reﬂector
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is slightly better compared to the specular VM2002 reﬂector, which results into a
higher value of N e/E.
We can conclude that R increases by about 9 % and N e/E decreases by about
10 % for an increasing CsI(Tl) thickness from 5 mm to 20 mm for incident γ-rays
of 122 keV. These values change only slightly for diﬀerent energies. The scintillator
thickness, shape and wrapping have a small eﬀect on the energy resolution for the
used detector system. In Sec. 6.2.2 results of the energy resolution and the mean
number of signal electrons from Monte Carlo simulations with the Geant4 toolkit
show the same behavior as the measured values in Fig. 6.16 as a function of CsI(Tl)
thickness and specular or diﬀuse reﬂectivity.
6.2. Results from calculations and simulations
In the previous chapter we have presented and analyzed the measured energy res-
olution and light yield. In the following sections we will investigate the energy
dependence of the light yield and determine its the contribution and the contribu-
tion of the light collection eﬃciency to the energy resolution for the detector systems
SDD + CsI(Tl) and SDD + LaBr3(Ce) by calculations and Monte Carlo simulations.
The Monte Carlo simulations, including the passage of X-, γ-rays and optical
photons through matter, are performed with the Geant4 simulation toolkit [108].
Detector geometry and material properties can be deﬁned in the code. The cross
sections for the interaction of X- and γ-rays are already included in the kernel.
Optical properties, refraction index and absorption length, of the involved materials,
the light yield and scintillation spectrum of the scintillator have to be inserted into
the code. The values of the reﬂectivity and transmittivity of UV-Vis photons at the
SDD entrance window, which are calculated with Eq. 5.22, 5.23 and C.16, had to
be included into the kernel as a look-up table.
6.2.1. Non-proportional light yield and energy resolution
Several groups determined the contribution of the non-proportional light yield of
NaI(Tl), has been discovered in the 1950s, to the energy resolution for γ-rays [80, 81].
In the last 10 - 20 years the interest for the scintillator performance has increased
again, because the performance of photodetectors has improved. In literature Monte
Carlo simulations have been carried out to determine the contribution of the non-
proportional light yield to the energy resolution of NaI(Tl) and LSO [82]. Also the
energy dependent light yields of NaI(Tl), LSO and CaF2(Ce) for incident γ-rays have
been calculated from the measured energy dependent light yield of electrons inside
these scintillators [109]. In the following years additional publications appeared
discussing the contribution of the light yield non-proportionality of NaI(Tl) to the
energy resolution [110, 111].
Recently groups have approached the scintillator light yield non-proportionality by
diﬀerent models and deduced analytical expressions to describe the non-proportional
light yield for electrons [49, 112]. Formulas for the energy resolution for incident
electrons, including the non-proportional light yield convolved with the energy de-
pendent ionization density for electrons and ﬂuctuations of the energy deposition by
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electron along their track have been presented in [25, 49, 100].
In this work the scintillators LaBr3(Ce) and CsI(Tl) are investigated. LaBr3(Ce)
is a relatively new scintillator invented in the year 2001 [101] and experimentally
examined by diﬀerent groups [113, 114], because of its high light yield of 60 - 65
photons/keV [51, 100, 105] and very good energy resolution of 2.8 % for an incident
γ-energy of 662 keV [9]. CsI(Tl) is a scintillator with excellent properties like work-
ability, non hygroscopicity, scintillation spectrum matching the maximum quantum
eﬃciency of photo diodes, a high light yield of about 65 photons/keV [59, 100] and
a good energy resolution of about 4.3 % at 662 keV [9].
In the following a short overview will be given of the processes following the inter-
action of γ-photons with the scintillator and the consequences of a non-proportional
light yield of scintillators. Then the method is presented by which the light yield
for γ-photons and the energy resolution for electrons and γ-photons is calculated.
Afterwards results of the calculated light yield and energy resolution for electrons
are presented. Next the simulated spectra for incident γ-rays caused by the non-
proportionality are discussed. At the end of this section the results from simulations
of the energy dependent light yield and energy resolution for γ-rays arising from a
non-proportional light yield are shown and compared to results from measurements.
Processes following the interaction of γ-photons with the scintillator
A γ-photon can deposit energy in the scintillator via photo eﬀect, Compton scat-
tering or pair production. We are considering γ-energies up to 662 keV, where
pair production does not occur. After an interaction of a γ-photon with an atom
Figure 6.17.: Schematic showing one possibility for the relaxation of the excited atom
after the ejection of a K-shell electron (photo eﬀect) by a γ-ray.
of the scintillator via photo eﬀect, an electron is ejected from an inner shell, so
that the atom remains in an excited state. The atom relaxes by ﬁlling the hole
with electrons from upper shells, producing ﬂuorescence photons and Auger elec-
trons. After a Compton interaction, an electron is ejected from the valence band,
whereas the Compton scattered photon escapes the scintillator or interacts again
via photo or Compton eﬀect with another atom. Most of the electrons resulting
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from Compton events and atomic relaxation are very energetic and generate via
ionization and bremsstrahlung other electrons in the conduction bands, holes in the
valence band and X, γ-rays. For electron energies below 1 MeV the energy loss by
bremsstrahlung is very small compared to the loss by ionization scattering, so that
the bremsstrahlung process is neglected in our simulations. The ionization scattering
process continues until the generated electrons reach an energy level below which
no additional eh-pairs can be created, so that the electrons and holes loose their
remaining kinetic energy by phonon scattering. After thermalization, the energy
of the electrons and holes is transferred to luminescence centers, where relaxation
occurs radiatively or non-radiatively.
Consequence of a non-proportional light yield of scintillators
The non-proportional light yield leads to two contributions to the energy resolution
for γ-rays. Considering a constant γ-energy and the absorption of the full energy
inside the scintillator, an interaction generates a number of ﬁrst electrons with an
energy distribution, which varies for each γ-event, due to the fact, that the involved
processes occur with a certain probability. The variation of the electron number and
energy distribution among these ﬁrst electrons, convolved with a non-proportional
light yield for electrons leads to a degradation of the energy resolution.
The second contribution results from the fact, that the electrons generated by
Compton scattering, photo and Auger eﬀect produce further electrons by ionization.
The ionization density of an electron depends on its energy, hence on its path through
the scintillator. The deposited energy per path length can be described by the Bethe
formula 2.11. Variations in the ionization density for electrons with a certain energy,
due to variations in δ-ray production and Landau ﬂuctuations, lead to a degradation
of the energy resolution, if the generation of scintillation photons depends on the
ionization density. The variations resulting from δ-rays are not considered in this
work.
These two contributions to the energy resolution are investigated in the following.
Methodology
The γ-photon interacts with the scintillator via photo eﬀect or Compton scattering.
After the photo eﬀect the whole energy of the incident photon is transferred to
the photo electron and the recoil atom. The excited atom with a hole in an inner
shell relaxes through the generation of ﬂuorescence photons and Auger electrons
[108, 115]. K, L, M, N and O shells are included into the relaxation process in
Geant4 [115]. Fluorescence photons interact again with the scintillator by photo
eﬀect or Compton scattering, if they do not escape the scintillator. If a Compton
scattering process occurs, a part of the energy of the incident photon is transferred
to the Compton scattered electron. The Compton scattered photon interacts again
with the scintillator by photo eﬀect or Compton scattering, if it does not escape the
scintillator.
The deposited energy of the incident γ-photon is distributed among Compton,
photo and Auger electrons. Due to the fact, that Geant4 does not implement the
energy bands of solids and the energy loss of electrons and holes to plasmons and
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phonons, the relaxation process is not completely simulated, so that a residual energy
in the range from several 10 to several 100 eV remains at the excited atom. This
energy is deposited by Geant4 inside the crystal at the position of the relaxed atom.
We attribute this energy to one electron in our calculations.
From the number, Mj, and energy distribution of the j-th energy deposition among
the generated Compton, photo and Auger electrons, the number of scintillation
photons, Nph,j, can be determined with Eq. 6.7, if the light yield, Le(Ee), produced
by electrons inside the scintillator is known.
Nph,j(E) =
Mj∑
i=1
Ee,iLe (Ee,i) (6.7)
Ee,i is the energy of the i-th electron from the relaxation process. For a non-
proportional light yield for electrons, Le(Ee) = constant, the number of scintillation
photons, Nph,j(E), varies from event to event. The mean number of generated
scintillation photons, Nph, is
Nph(E) =
∑m
j=1Nph,j(E)
m
(6.8)
where m is the number of mono-energetic γ-rays. The light yield for a certain
γ-energy is the average of Nph,j(E) for m γ-photons:
L(E) =
∑m
j=0Nph,j(E)
m · E . (6.9)
It applies that, if Le(Ee) = constant also the light yield for γ-rays is not proportional,
L(E) = constant. The energy resolution, due to the varying number of Nph,j(E)
from event to event, is calculated by formula
Rγ,T (E) =
2.35
L(E) · E ·
√√√√ 1
(m− 1)
m∑
j=0
(Nph,j(E)−Nph(E))2. (6.10)
Rγ,T (E) does not account for the ﬂuctuation of Le for a certain electron energy
Ee. To include these ﬂuctuations, an approximation is made. The distribution of
the number of scintillation photons, Nph(Ee), around its mean value, Nph(Ee) =
Le(Ee) · Ee, generated by an electron with a certain energy Ee, is deﬁned in this
work by a Gaussian distribution with the probability density function
P (Nph(Ee)) =
1√
2πσ(Ee)
exp
(
−1
2
(
Nph(Ee)−Nph(Ee)
σ(Ee)
)2)
, (6.11)
where σ(Ee) = Nph(Ee)·Re,T (Ee)/2.35 and Re,T (Ee) is the relative energy resolution
for (incident) electrons deﬁned in Eq. 6.28. For this case Eq. 6.7 and 6.8 have to
be changed into
Nph,j(E) =
Mj∑
i=1
Ee,iLe (Ee,i) =
Mj∑
i=1
Nph,i(Ee). (6.12)
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and
Nph(E) =
∑m
j=1Nph,j(E)
m
. (6.13)
Then the total contribution of the non-proportional light yield to the energy reso-
lution is given by
RT (E) =
2.35
L(E) · E ·
√√√√ 1
(m− 1)
m∑
j=0
(Nph,j(E)−Nph(E))2. (6.14)
RT (E) of Eq. 6.14 is larger than the value from Eq. 6.10, due to the additional
noise component.
Light yield and energy resolution for electrons: phenomenological approach
The light yield of scintillators increases for increasing energies of the incident par-
ticles up to a certain energy (see Fig. 6.11, 6.13, 6.19). For LaBr3(Ce) it remains
almost constant and for CsI(Tl) it decreases, if the particle energy is increased fur-
ther (see Fig. 6.11, 6.13, 6.19). Particles with a low kinetic energy have a high
and particles with a high kinetic energy a low ionization density. The deposited
energy per track length, -dE/dx, which is proportional to the ionization density, is
deﬁned by the Bethe formula introduced in Sec. 2.1.1. Birks presented an analyt-
ical formula, which describes the unimolecular quenching of the light yield at high
ionization densities for organic scintillators [84, 116]. The light yield is proportional
to the radiative recombination eﬃciency of the generated electrons and holes:
TBirks(−dE/dx) = 1
1 + −dE/dx
(dE/dx)Birks
(6.15)
where (dE/dx)Birks is a ﬁtting parameter, which depends on material properties,
such as the mobilities of electrons and holes [84]. Higher order quenching is neglected
in this formula. High ionization densities in combination with low mobilities for
electrons and holes lead to a quenching of the radiative recombination [53, 54].
Higher mobilities would decrease the high ionization densities faster, reducing the
probability of Auger like quenching to occur [54].
At low ionization densities the Onsager model describes the recombination prob-
ability of an electron and a hole in dependence on their separation distance, re/h,
[85, 86]. The recombination probability follows
POns = 1− exp
(
−rOns
re/h
)
(6.16)
where rOns is the Onsager radius, which is deﬁned as the radius, where the Coulomb
and thermal energy are equal [86]:
rOns =
e2
4π0kBTemp
(6.17)
where e is the elemental electron charge, kB the Boltzmann constant, Temp the
temperature, 0 and  the vacuum and the relative permittivity. For re/h << rOns
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the recombination probability of an electron and a hole approaches POns = 1 and
for re/h >> rOns the recombination eﬃciency approaches POns = 0. The relation
between the deposited energy per unit track length, -dE/dx, and the mean electron
hole separation distance, re/h, can be deﬁned as [49]
dE
dx
=
w
re/h
(6.18)
and (
dE
dx
)
Ons
=
w
rOns
(6.19)
where w is the mean energy to create an eh-pair inside the scintillator. A small
value of dE/dx leads to a large distance of electrons and holes, hence to a small
recombination probability. Solving Eq. 6.18 for re/h and Eq. 6.19 for rOns and
inserting the results into Eq. 6.16 yields the probability for the recombination of an
electron and a hole in dependence on -dE/dx:
POns(−dE/dx) = 1− exp
(
− −dE/dx
(dE/dx)Ons
)
. (6.20)
The diﬀusion model presented in [54] states that a part of the generated electrons
and holes along the primary electron track are separated, due to a drift from the
track. The ratio of separated to unseparated electrons and holes depends on the
magnitude of the mobility diﬀerence between them. In alkali halide scintillators,
such as CsI, the diﬀerence of the mobilities of electrons, μe, and holes, μh, is sup-
posed to be larger (μh ≈ 0 cm2/V s and μe is several cm2/V s with μh/μe << 1) than
in other scintillators, in which μh/μe ≤ 1 applies, as in LaBr3 [52, 87]. The larger
the diﬀerence of the mobilities is, the larger is the fraction of separated electrons and
holes at low -dE/dx [54]. In this model the unseparated electrons and holes recom-
bine radiatively. To include the fact, that there is always a fraction of unseparated
electrons and holes, which recombine radiatively, into the Onsager model, a new
parameter, ne/h, is introduced into Eq. 6.20, yielding the recombination eﬃciency
of electrons and holes [100, 49]:
TOns(−dE/dx) = 1− ne/hexp
(
− −dE/dx
(dE/dx)Ons
)
. (6.21)
ne/h is the ratio of electrons and holes, which are separated shortly after their gener-
ation and (dE/dx)Ons a ﬁtting parameter, which depends on the dielectric constant
and the temperature of the material. The Onsager model neglects time dependent
processes, which lead to a radiative recombination of electrons and holes, which have
not recombined, due to a not suﬃcient Coulomb attraction, because of a large initial
distance. Fig. 6.18 shows TBirks(−dE/dx) and TOns(−dE/dx) plotted against the
electron energy Ee. The deposited energy density increases with decreasing electron
energy (see Fig. 2.4). The combination of these two eﬃciencies yields the overall
transfer and radiative recombination eﬃciency [25, 49, 100]:
Te(−dE/dx) = T 0e TOnsTBirks = T 0e
1− ne/hexp
(
− −dE/dx
(dE/dx)Ons
)
1 + −dE/dx
(dE/dx)Birks
(6.22)
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Figure 6.18.: Energy dependent eﬃciencies, calculated with the models developed by
Birks and Onsager [84, 86], for CsI(Tl).
where T 0e is the normalization factor. The energy deposited by an electron per track
length, -dE/dx, can be described by the modiﬁed Bethe formula [117]
−dE
dx
(Ee) =
e4NAZρ
8π20A
· 1
Ee
· ln
(
1.166(Ee + kI)
I
)
(6.23)
where e is the electron charge, NA the Avogadro number, A the number of nucleons,
I the mean excitation energy of the atoms inside the medium and k a parameter to
correct the value of -dE/dx for electron energies, Ee, close to I. A changing value
of -dE/dx along the electron track results into a changing transfer and radiative
recombination eﬃciency Te(−dE/dx) along the electron track. The mean transfer
and radiative recombination eﬃciency, T e, for a certain electron energy Ee can be
calculated by the integration of Te(Ee) from the initial electron energy down to an
electron energy equal to the mean excitation energy, I,
T e(Ee) =
∫ I
Ee
Te(−dE/dx)dE∫ I
Ee
dE
=
1
Ee − I
∫ Ee
I
Te(−dE/dx)dE. (6.24)
The reason for the low energy integration limit is that the modiﬁed Bethe formula,
which is presented in Eq. 6.23, is valid down to electron energies equal to the mean
excitation energy, I. T e(Ee) is set to 0 for Ee < I. The relation between T e and Le
is given by Le = T e/w (see Eq. 4.17). Fig. 6.19 shows the ﬁts of the numerically
calculated eﬃciency T e (Eq. 6.24) to the measured [100, 118] normalized light
yields for incident electrons, Le/c, for LaBr3(Ce) and CsI(Tl). The parameters of
the calculated T e values are listed in Tab. 6.3. The values of the mean energy to
create an electron hole pair, w, are in the range 13 to 19 eV (comp. Sec. 2.2).
(dE/dx)Ons can be calculated by Eq. 6.19, if Eq. 6.17 is inserted into it. With a
dielectric constant of 5.65 for CsI(Tl) Eq. 6.19 yields a value of (dE/dx)Ons in the
range from 13 MeV/cm to 19 MeV/cm. For LaBr3(Ce) (dE/dx)Ons has about the
same value. There is a diﬀerence by a factor of about 2 to 3 compared to the values
of (dE/dx)Ons from the ﬁt in Tab. 6.3, but they have the same magnitude. The
origin of this diﬀerence results most probably from the fact, that the model does not
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scintillator ne/h (dE/dx)Ons[MeV/cm] (dE/dx)Birks[MeV/cm] I[keV] k
LaBr3(Ce) 0.18 36.4 500 0.455 2.8
CsI(Tl) 0.38 45 700 0.553 2.8
Table 6.3.: Parameters in the formula of T e (6.24), which have been used to ﬁt the
normalized light yield, Le/c, of LaBr3(Ce) and CsI(Tl) for incident elec-
trons. The mean excitation energy I has been taken from [23].
include all processes leading to the radiative recombination of electrons and holes.
The calculated values of T e, which have been ﬁtted to the measured data points of
Figure 6.19.: Calculated T e and measured normalized light yield, Le/c, of LaBr3(Ce)
and CsI(Tl) for incident electrons. T e(Ee) is set to 0 for Ee < I.
a:[100], b:[118]
Le/c in Fig. 6.19 are in good agreement with the measured values for LaBr3(Ce)
and have a small discrepancy in the enery range E > 100 keV for CsI(Tl).
The deposited energy per track length, -dE/dx, ﬂuctuates at each position of the
track. These ﬂuctuations are called Landau ﬂuctuations and have a FWHM value
of [27, 25]
FWHM
(
−dE
dx
)
= 3.58 · σ
(
−dE
dx
)
= 3.58 · e
4NAZρ
8π20A
· 1
Ee + kI
. (6.25)
The value 3.58 has to be multiplied to the standard deviation of Landau distributions
to receive its FWHM and the factor kI is included as a correction for electron
energies close and below the mean excitation energy, I (compare Sec. 2.1.1). Landau
ﬂuctuations d
(−dE
dx
)
in combination with the change of -dE/dx along the track lead
to ﬂuctuations of the transfer and radiative recombination eﬃciency, T e(−dE/dx),
hence to ﬂuctuations of the number of generated scintillation photons, from one
event to another. This generates a broadening of the energy resolution for electrons
and γ-rays. The standard deviation, σ(Te(−dE/dx)), along the electron track in
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dependence of -dE/dx follows from the total derivative of d(Te(−dE/dx)) [49, 100]
d(Te(−dE/dx)) = ∂Te(−dE/dx)
∂
(−dE
dx
) d(−dE
dx
)
⇒ σ(Te(−dE/dx)) = ∂Te(−dE/dx)
∂
(−dE
dx
) σ(−dE
dx
)
,
(6.26)
with the approximation d() ≈ σ() as described by the Gaussian error propagation
[119]. Assuming that the processes of energy deposition of the electron inside the
scintillator along its track are independent, the mean value of the standard deviation
for a certain electron energy, Ee, arises from
σ(Te(Ee)) =
[∫ I
Ee
(σ(Te(−dE/dx)))2dE∫ I
Ee
dE
] 1
2
=
1√
Ee − I
·
[∫ Ee
I
(σ(Te(−dE/dx)))2dE
] 1
2
.
(6.27)
The contribution Re,T (Ee) to the relative energy resolution can be calculated by
Re,T (Ee) = 3.58 · σ(Te(Ee))
T e(Ee)
. (6.28)
Due to the fact, that T e(Ee) is not deﬁned for Ee < I in Eq. 6.24, also Re,T (Ee) is
not deﬁned for energies lower than I. In Fig. 6.20 the energy dependent values of
Figure 6.20.: Calculated electron energy resolution, Re,T (Eq. 6.28), of LaBr3(Ce)
(blue) and CsI(Tl) (green) with the parameters given in Tab. 6.3.
Re,T of LaBr3(Ce) (blue) and CsI(Tl) (green) are plotted against the electron energy.
It shows that the electron energy resolution, Re,T , is poorer for LaBr3(Ce) than for
CsI(Tl) for electron energies Ee < 23 keV and it is better for Ee > 23 keV. The
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error of the calculated Re,T increases for electron energies approaching I, because
the contributions from Ee < I are neglected in Eq. 6.28.
In the publications [25, 100] the value of Re,T is only presented for an electron
energy of Ee = 662 keV.
Figure 6.21.: Normalized light yield, Le/c = T e, from the ﬁt to the measured values
for LaBr3(Ce) and CsI(Tl), in the range from I to 1000 keV as already
presented in Fig. 6.19. Values below the mean excitation energy, I,
of LaBr3(Ce) and CsI(Tl) have been extrapolated in two ways (dotted
and solid lines) for a sensitivity analysis. These data have been used to
simulate the energy resolution, RT (E), and the light yield, L(E), for
incident γ-rays.
Fig. 6.21 shows the calculated values of T e down to the mean excitation energy,
I, as presented in Fig. 6.19 and the extrapolated values from I down to 30 eV.
Two extrapolations have been chosen in order to do a sensitivity analyses on the
simulated light yield and energy resolution for incident γ-rays. One describes a
ﬂattening of Le/c (dotted line) and the other a logarithmic decrease of Le/c (solid
line) below I. Measurements presented in [114, 120] indicate that the real values of
the light yield for electrons lies between the two extrapolations. Le/c values below
30 eV have been set to 0 because the energy to create an electron and a hole is about
w ≈ 12..20 eV [28, 36] in scintillators with an eﬃciency smaller 1 for the creation
of scintillation photons. The determined values of Le(Ee) (Fig. 6.21) and Re,T (Ee)
(Fig. 6.20) are used in the following to determine the light yield L(E) and RT (E)
for incident γ-rays by Monte Carlo simulations.
Relaxation after the photo eﬀect
The relaxation processes of the excited atoms occur via generation of ﬂuorescence
photons plus Auger electrons or exclusively Auger electrons. The ﬂuorescence yields
for photons, which are generated by ﬁlling a vacancy in the K or L shell with
an electron from a higher shell, are presented in Fig. 6.22. The probability for
the generation of ﬂuorescence photons increases for elements with a higher atomic
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Figure 6.22.: Fluorescence yields for K and L shells from [121].
number Z (ZCs = 55, ZI = 53, ZLa = 57, ZBr = 35) and is much larger for K than L
shell ﬂuorescence photons. The overall probability for the relaxation via generation
of ﬂuorescence photons has a discontinuity for the γ-energy equal to the K shell
electron binding energy. Lowering the γ-energy from energies above to energies
below the K shell electron binding energy, the ﬂuorescence yield decreases from 0.9
to 0.05 for Cs, I and La and from 0.6 to 0.02 for Br. The probabilities for the
generation of ﬂuorescence photons, Pfluo, and Auger electrons, PAuger, add up to
the probability Prelax = 1 for the relaxation of the excited atom [121]
Prelax = Pfluo + PAuger = 1. (6.29)
Therefore the probability is higher for an atom to relax via production of Auger
electrons, if a photo electron from the L shell is ejected. The element Br with the
lowest atomic number ZBr = 35 of the elements in CsI(Tl) and LaBr3(Ce) has a
probability of about 0.4 to relax via the generation of Auger electrons, if a photo
electron from the L shell is ejected.
Distribution of photo, Compton and Auger electrons and ﬂuorescence
photons in CsI
First a γ-photon generates a Compton or a photo electron after interaction with
the scintillator. Then the excited atom relaxes via production of ﬂuorescence pho-
tons and Auger electrons. The photo-, Compton and Auger electrons, which are
denoted as ﬁrst electrons, have a certain number and energy distribution after each
γ-interaction. They generate a certain number of scintillation photons, depending
on the light yield for incident electrons, after depositing their energy inside the
scintillator.
The following simulations have been performed for a cylindrically shaped CsI(Tl)
scintillator with a diameter of 	 = 4.5 mm and a thickness of d = 10 mm or with
a diameter of 	 = 25 mm and a thickness of d = 25 mm. Fig. 6.23 shows the
histograms of the number of ﬁrst electrons (photo, Compton and Auger electrons)
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and Fig. 6.24 shows the number of ﬂuorescence and Compton scattered photons,
which are generated after the interaction of a γ-ray photon with the CsI(Tl) scin-
tillator. Maximum in the histograms of the number of ﬁrst electrons are at 1 and
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Figure 6.23.: Number of ﬁrst electrons generated by γ-rays incident into a cylindri-
cally shaped CsI(Tl) scintillator with a diameter of 	 = 4.5 mm and
a thickness of d = 10 mm or with the dimensions: 	 = 25 mm and
d = 25 mm in the last picture.
5 generated ﬁrst electrons for incident γ-rays of 6 and 22 keV. 1 electron follows
from the generation of 1 photo or 1 Compton electron from the valence band. The
maximum around 5 electrons is originating from 1 photo electron from a deeper shell
(L, M, N, O) and mainly 4 Auger electrons. The creation of one ﬂuorescence photon
and its interaction with a second atom includes the relaxation of two atoms and the
production of a higher number than 6 ﬁrst electrons. The generation probability of
L ﬂuorescence photons with an energy equivalent to the M→L electron transition in
Cs or I, is very low compared to the relaxation of the Cs or I atom by the generation
of Auger electrons only (Fig. 6.24 ﬁrst picture).
The interaction of 60 and 122 keV γ-ray photons with CsI(Tl) generates an ad-
ditional maximum at around 10 ﬁrst electrons in the histogram (Fig. 6.23 second
picture). The γ-energy is now high enough to eject an electron from the Cs and I
K-shell. For these energies the probability for the atom to relax by ﬁlling the va-
cancy in the K-shell with an electron from the L-shell by producing a K ﬂuorescence
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Figure 6.24.: Number of ﬂuorescence and Compton scattered photons generated by
γ-rays incident into a cylindrically shaped CsI(Tl) scintillator with a
diameter of 	 = 4.5 mm and a thickness of d = 10 mm or with the
dimensions: 	 = 25 mm and d = 25 mm in the last picture.
photon equivalent to the transition energy L→K and Auger electrons from L and
higher shells is higher compared to the probability of producing exclusively Auger
electrons (Fig. 6.22). The production of one photo electron after the interaction of
the γ-ray photon with a Cs or I atom and its relaxation by producing mainly 4 Auger
electrons, yields 5 electrons from one atom. The ﬂuorescence photon interacts with
another atom, if it does not escape, by producing 1 photo and mainly 4 Auger elec-
trons. The total number of ﬁrst electrons from both atoms is about 10. For 122 keV
γ-ray photons the maximum at 1 and 10 ﬁrst electrons have relatively more events
than the maximum at 6 ﬁrst electrons compared to the histogram for 60 keV γ-ray
photons. This eﬀect is caused by the generation of more Compton electrons and
ﬂuorescence photons (Fig. 6.24) after the interaction with higher energy photons.
662 keV γ-ray photons generate a much higher portion of only 1 and 2 ﬁrst elec-
trons per event (Fig. 6.23 last picture two pictures), because of a higher probability
for Compton events. For the larger CsI(Tl) scintillator in Fig. 6.23 (last picture) the
counts at 2, 3 and 4 Compton electrons have increased at the cost of the 1 Compton
electron intensity, because of the larger probability for the Compton scattered pho-
ton to interact again in the larger CsI(Tl) volume. There is also a relative increase
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of the number of ﬁrst electrons above 4 ﬁrst electrons for the larger scintillator, due
to a lower number of escapes of Compton scattered photons, which can be seen by
a relative increase of 2 and more detected photons in Fig. 6.24 (last picture).
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Figure 6.25.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 6 keV γ-rays incident into a cylindrically shaped CsI(Tl)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
Two kind of scintillation photon spectra, Nph,j(Ee) and Nph,j(Ee), where j is the
γ-event number, are presented. One kind is simulated by using Eq. 6.8, where
the number of scintillation photons generated by an electron (photo, Compton and
Auger) with a certain energy is constant for each event. The other kind is simulated
by using Eq. 6.12, which includes an additional noise component, resulting from
Landau ﬂuctuations of the deposited energy by photo, Compton and Auger electrons
along their track through the scintillator. In this case the number of scintillation
photons, Nph(Ee), generated by an electron with a certain energy, Ee, ﬂuctuates
around its mean value, Nph(Ee), for each event. These ﬂuctuations are described by
Gaussian distributions with energy dependent standard deviations given by σ(Ee) =
Nph(Ee) ·Re,T (Ee)/2.35 (comp. Eq. 6.11).
In the following the simulated spectra, generated by incident γ-rays with energies
of 6, 22, 60, 122 and 662 keV are discussed in detail. The simulations have been
performed for a cylindrically shaped CsI(Tl) scintillator with a diameter of 	 =
4.5 mm and a thickness of d = 10 mm or with a diameter of 	 = 25 mm and a
thickness of d = 25 mm. Le has been set to Le/c · 61.5 photons/keV for CsI(Tl).
Le/c is shown in Fig. 6.21 on the right (solid line).
Fig. 6.25 and 6.26 show the spectra for incident γ-rays with energies of E = 6 keV
and 22 keV. Histograms of Nph,j(E) and Nph,j(E) are plotted on the left and right
hand side. The shape of the photo peaks for these two energies is similar, except
of their width, because the distribution of the ﬁrst electrons and the number of
ﬂuorescence photons are almost equal (Fig. 6.23 and 6.24). The width of the photo
peak at 22 keV is narrower, due to a diﬀerent energy distribution of E = 22 keV
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Figure 6.26.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 22 keV γ-rays incident into a cylindrically shaped CsI(Tl)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
compared to E = 6 keV among the ﬁrst electrons in combination with the energy
dependent mean light yield for electrons, Le(Ee) (Fig. 6.21 on the right solid line).
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Figure 6.27.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 60 keV γ-rays incident into a cylindrically shaped CsI(Tl)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
Fig. 6.27 and 6.28 show the spectra of CsI(Tl) for incident γ-rays with energies
of E = 60 keV and 122 keV. The histogram of Nph,j(E) shows that the photo peak
in the range of Nph,j = 4000 to 4600 for 60 keV and Nph,j = 8000 to 9000 for
122 keV consists of several peaks, which accumulate on two positions. The peaks
around 2200 photons (60 keV) and 6000 photons (122 keV) are the escape peaks.
The peaks attributed to the photo peak with a lower number of photons around
Nph,j ≈ 4200 for 60 keV and 8200 for 122 keV, have a lower intensity compared
to the peaks with a higher number of photons, around Nph,j ≈ 4400 for 60 keV
and 8500 for 122 keV. These peaks originate from events, where the number of
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Figure 6.28.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 6 keV γ-rays incident into a cylindrically shaped CsI(Tl)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
ﬁrst electrons is smaller or equal to 6 (Fig. 6.23 and 6.24). The peaks with the
higher number of photons Nph,j(E) are generated by events with a number of ﬁrst
electrons larger than 6 (Fig. 6.23 and 6.24). This accumulation of Nph,j(E) on two
positions with two very diﬀerent intensities produces in the histogram of Nph,j(E)
a shoulder on the left hand side of the photo peak, which is also resolved in the
measured CsI(Tl) spectra in this energy range (Fig. 6.8). The exsistence and the
origin of a shoulder on the low energy side of the photo peak of measured spectra,
generated by γ-rays in the energy range 40 keV-122 keV in a detector system SDD
+ CsI(Tl), have not been mentioned and explained in literature yet, although it is
clearly visible in measured spectra of other publications [10]. Simulations presented
in this work indicate, that its origin may be attributed to the non-proportional light
yield of CsI(Tl). Additionally for 122 keV photons, there appears a third peak with
a very low intensity at even higher numbers of Nph,j(E) around 8750, which can be
attributed to ﬁrst electrons resulting from events, where the incident γ-photon has
been Compton scattered before interacting via photo eﬀect with CsI(Tl).
Fig. 6.29 shows the histograms of Nph,j(E) and Nph,j(E) for incident γ-photons
with an energy of 662 keV. Fig. 6.30 on the left shows a zoom of the photo peak
of the spectrum in Fig. 6.29 on the left around Nph,j = 41000. In Fig. 6.29 on
the right the spectrum of the photo peak is presented in the same range for a larger
cylindrical scintillator with a diameter of 	 = 25 mm and a thickness of d = 25 mm.
The peaks below 41500 photons are generated in the same way as the photo peaks
for incident γ-rays with energies of 60 keV and 122 keV. The peaks with a photon
number above 41500 are produced by events, where Compton scattered electrons
are generated beside photo and Auger electrons. The ﬁrst two peaks above 41500
photons originate from processes where the incident photon is Compton scattered
once and twice before interacting via photo eﬀect with an atom of CsI(Tl). The
peaks above 42400 are caused by an incident photon, which is Compton scattered 3
and 4 times before interacting via photo eﬀect with the scintillator. The probability
of processes, where the incident γ-ray is scattered 2, 3, 4 times or more is higher for
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Figure 6.29.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 6 keV γ-rays incident into a cylindrically shaped CsI(Tl)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
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Figure 6.30.: On the left: Zoom into the range of the photo peak around Nph,j =
41000 of the spectrum shown in Fig. 6.29 on the left. On the right:
Illustration of the same range but for a larger cylindrical scintillator
also irradiated with 662 keV γ-rays.
larger CsI(Tl) scintillators, which is revealed by the higher relative number of ﬁrst
electrons in the range 2 to 4 (escape of the Compton scattered photon) and above
11 electrons in Fig. 6.23 (last two pictures). Whereas the higher number of detected
ﬂuorescence photons for larger scintillators, due to a lower number of escapes, leads
also to a relative increase of the number of ﬁrst electrons in Fig. 6.23 (last picture).
Distribution of photo, Compton and Auger electrons and ﬂuorescence
photons in LaBr3
In this section results from Geant4 simulations for LaBr3(Ce) are presented. Be-
fore discussing the simulated spectra, histograms of the number of generated ﬁrst
electrons or Compton and ﬂuorescence photons per event are investigated.
Fig. 6.31 shows the histograms of the number of generated ﬁrst electrons per
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incident γ-ray with energies of 6, 22, 60, 122 and 662 keV in LaBr3(Ce). The
LaBr3(Ce) scintillator is cylindrically shaped with a diameter of 	 = 4.5 mm and
a thickness of d = 10 mm or with a diameter of 	 = 25 mm and a thickness of
d = 25 mm (last picture of Fig. 6.31 and 6.32).
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Figure 6.31.: Histograms of the number of ﬁrst electrons, which are generated per
deposited energy by a γ-ray in a cylindrically shaped LaBr3(Ce) scin-
tillator with a diameter of 	 = 4.5 mm and thickness of d = 10 mm or
with the dimensions: 	 = 25 mm and d = 25 mm in the last picture.
6 keV γ-ray photons eject an electron from the K-shell, whereas the atom with the
vacancy relaxes via generation of mainly 3 and 4 Auger electrons, resulting in a total
number of 4 and 5 ﬁrst electrons. Therefore the histogram for 6 keV photons has a
maximum around 4 and 5 ﬁrst electrons (Fig. 6.31 ﬁrst picture). The maximum at
1 results from one Compton or one photo electron from the valence band, without
the generation of further electrons.
A third maximum appears in the histogram around 8 ﬁrst electrons for 22 keV γ-
ray photons. This can be explained by the generation of one photo electron and one
ﬂuorescence photon (Fig. 6.32), with an energy equivalent to the L→K transition
in Br, and the relaxation of the excited atom via the production of mainly 3 Auger
electrons, resulting in 4 electrons from one atom. The ﬂuorescence photon interacts,
if it does not escape, with a second atom, generating again about 4 ﬁrst electrons.
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The total number of ﬁrst electrons from both atoms are about 8 (Fig. 6.31 second
picture).
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Figure 6.32.: Histograms of the number of generated ﬂuorescence and Compton scat-
tered photons per deposited energy by a γ-ray in a cylindrically shaped
LaBr3(Ce) scintillator with a diameter of 	 = 4.5 mm and thickness
of d = 10 mm or with the dimensions: 	 = 25 mm and d = 25 mm in
the last picture.
For 60 keV γ-ray photons the maximum around 8 has moved to 9 ﬁrst electrons
and has increased relatively to the maximum around 5, because the γ-energy is now
high enough to eject photo electrons from the La K-shell. The relaxation process of
La via production of K ﬂuorescence photons with an energy equivalent to the L→K
transition in La is dominant compared to a relaxation exclusively via the production
of Auger electrons. The increase of the maximum around 9 electrons is larger for
incident 122 keV photons, due to the fact that a larger number of ﬂuorescence
photons are produced at higher γ-energies (Fig. 6.32). It is also recognizable that
events, where 1 electron is generated, increase from 60 to 122 keV γ-ray photons,
because a higher number of Compton events occur for 122 keV photons.
For 662 keV γ-ray photons the number of 1, 2 and 3 Compton electrons increases
drastically. These numbers are higher for the larger LaBr3(Ce) scintillator (Fig. 6.31
last picture). For the larger scintillator also the number of lost Compton scattered
photons is lower, which is illustrated by a smaller diﬀerence of the intensities at 1,
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2, 3 compared to the intensities for a number of ﬁrst electrons larger than 5 (Fig.
6.31 last picture).
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Figure 6.33.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 6 keV γ-rays incident into a cylindrically shaped LaBr3(Ce)
scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm). Nph,j
includes an additional noise component, which originates from Landau
ﬂuctuations in the energy deposition of the ﬁrst electrons.
Next the simulated spectra of a cylindrically shaped LaBr3(Ce) scintillator with
a diameter of 	 = 4.5 mm and a thickness of d = 10 mm, if not otherwise stated,
created by 6, 22, 60, 122 and 662 keV γ-ray photons are examined. Le has been set
to Le = Le/c · 65 for LaBr3(Ce). Le/c is illustrated in Fig. 6.21 on the left (solid
line).
The histograms of Nph,j and Nph,j in Fig. 6.33 show the distribution of generated
photons. Whereas Nph,j includes an additional noise component compared to Nph,j,
originating from Landau ﬂuctuations of the energy deposition of the ﬁrst electrons
along their track through the scintillator. For 6 keV photons the ﬁrst electrons are
constituted mainly of one photo electron and several Auger electrons. The strong
decrease of the mean electron light yield Le(Ee) for electron energies Ee < 6 keV to
lower energies in combination with the energy distribution of the deposited γ-energy
among the ﬁrst electrons leads to a relatively broad distribution of Nph,j(E = 6 keV)
and Nph,j(E = 6 keV) in this energy range (Fig. 6.33).
Incident γ-ray photons of 22 keV can eject an electron from the K-shell of Br.
There is the probability for an excited Br atom with a vacancy in the K-shell to
relax via generation of a K-shell ﬂuorescence photon besides several Auger electrons,
which leads to additional possibilities of the γ-energy E = 22 keV to be distributed
among ﬁrst electrons. These additional possibilities result in a larger number of ﬁrst
electrons than 6, so that the mean energy of the electrons is lower. Therefore the
strong decrease of the electron light yield, Le, from Ee = 20 keV to lower energies
(Fig. 6.21 on the left, solid line) leads to a broader distribution of Nph,j, compared
to the case, where the energy is distributed among 6 or less ﬁrst electrons (Fig. 6.34
on the left). This results, in combination with a large value of the energy resolution
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Figure 6.34.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 22 keV γ-rays incident into a cylindrically shaped
LaBr3(Ce) scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm).
Nph,j includes an additional noise component, which originates from
Landau ﬂuctuations in the energy deposition of the ﬁrst electrons.
for electrons, Re,T (Ee), for energies Ee < 22 keV, into a broad width of the photo
peak (Fig. 6.34 on the right).
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Figure 6.35.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 60 keV γ-rays incident into a cylindrically shaped
LaBr3(Ce) scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm).
Nph,j includes an additional noise component, which originates from
Landau ﬂuctuations in the energy deposition of the ﬁrst electrons.
For 60 and 122 keV γ-ray photons, there is a relative increase of events, which
are generated by a large number of ﬁrst electrons, larger than 6 (Fig. 6.31). This is
due to the additional possibility to eject an electron from the K-shell of the La atom
and its relaxation by producing a K ﬂuorescence photon (Fig. 6.32) plus several
Auger electrons. If it does not escape, the ﬂuorescence photon ejects a second photo
electron from another atom, which relaxes again via the production of ﬂuorescence
and Auger electrons or exclusively Auger electrons. Thus a larger number of photo
peak entries originate from events with a higher number of ﬁrst electrons (> 6) for
60 and 122 keV compared to 22 keV γ-rays. The electron light yield, Le, changes
98
6.2. Results from calculations and simulations
ph, jN
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
C
ou
nt
s
0
100
200
300
400
500
600
(Ce): source 122 keV3LaBr photo peaks
K - escape
eventsCompton events
ph, jN
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
C
ou
nt
s
0
20
40
60
80
100
120
140
160
180
(Ce): source 122 keV3LaBr photo peak
K - escape
eventsCompton events
Figure 6.36.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 122 keV γ-rays incident into a cylindrically shaped
LaBr3(Ce) scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm).
Nph,j includes an additional noise component, which originates from
Landau ﬂuctuations in the energy deposition of the ﬁrst electrons.
only slightly at higher energies (> 30 keV) (Fig. 6.21 on the left, solid line). Due
to an improving energy resolution for electrons, Re,T (Ee), towards higher energies
(> 30 keV), the relative width of the photo peak, especially for 122 keV, is narrower
than for 22 keV γ-ray photons.
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Figure 6.37.: Simulated results of generated scintillation photons, Nph,j and Nph,j,
produced by 662 keV γ-rays incident into a cylindrically shaped
LaBr3(Ce) scintillator (diameter 	 = 4.5 mm, thickness d = 10 mm).
Nph,j includes an additional noise component, which originates from
Landau ﬂuctuations in the energy deposition of the ﬁrst electrons.
The histograms of Nph,j(E) and Nph,j(E) generated by 662 keV γ-rays are pre-
sented in Fig. 6.37. A zoom into the region of the photo peak, is shown in Fig. 6.38
for the cylindrically shaped LaBr3(Ce) scintillator with a diameter of 	 = 4.5 mm
and a thickness of d = 10 mm (left hand side) and with a diameter of 	 = 25 mm
and a thickness of d = 25 mm (right hand side). Events without participation of
Compton scattered electrons in the range from Nph,j(662keV ) = 42750 to 43050
scintillation photons have a lower number of ﬁrst electrons than events where also
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Figure 6.38.: Histogram of the photo peak for 662 keV γ-rays incident into a cylin-
drically shaped LaBr3(Ce) scintillator.
Compton scattered electrons are created. These events generate entries in the range
Nph,j(662keV ) = 43050 to 43700. Entries which originate from events without
Compton scattered electrons have a lower number of scintillation photons, Nph,j,
due to a lower number of ﬁrst electrons in combination with the slowly decreas-
ing slope of the light yield for electrons, Le(Ee), for energies above 122 keV. The
width of the photo peak is also narrower for 662 keV compared to lower γ-energies.
This is, because the light yield for electrons, Le(Ee), changes less for higher energies
(Ee > 122 keV).
The light yield for electrons in LaBr3(Ce) changes less compared to that in CsI(Tl)
for electron energies Ee > 30 keV. This leads in combination with a lower energy
resolution for electrons, Re,T (Ee), in LaBr3(Ce) compared to that in CsI(Tl) for
electron energies Ee > 23 keV, to a narrower width of the photo peak of 662 keV
γ-ray photons in LaBr3(Ce) than in CsI(Tl).
Light yield as a function of γ-ray energy
The energy dependent mean light yield, L(E) (see Eq. 6.9), and its contribution to
the energy resolution, RT (see Eq. 6.10), for incident γ-rays is investigated in the
following. The light yield for electrons, Le, is set to Le = (Le/c) · 65 and to 61.5
scintillation photons per keV for LaBr3(Ce) and CsI(Tl) respectively.
Fig. 6.39 and 6.40 show the simulated light yield, L(E), of LaBr3(Ce) and CsI(Tl)
for incident γ-rays. The shapes of the curves result from the non-proportional light
yield, Le(Ee), for electrons, which is shown in Fig. 6.21, in combination with the
energy dependent distribution of the deposited energy among the Compton, photo
and Auger electrons. The calculated light yield, L(E), of LaBr3(Ce) for incident
γ-rays is presented for the ﬁrst time in this work. Calculated values of L(E) of
CsI(Tl) for incident γ-rays have already been presented in [118]. Values from liter-
ature show that the measured energy dependent light yield can vary especially for
γ-energies below the K-shell electron binding energy, due to a changing quality and
Tl doping concentration from one scintillator sample to another [122, 123, 124]. It
is reasonable therefore to calculate L(E) for the scintillator samples used in this
work. Clearly visible is the decreasing light yield to low energies for both scintilla-
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Figure 6.39.: Simulated values of the energy dependent mean light yield, L(E), of
LaBr3(Ce) for incident γ-rays.
Figure 6.40.: Simulated values of the energy dependent mean light yield, L(E), of
CsI(Tl) for incident γ-rays.
tors and the decreasing light yield to high energies for CsI(Tl). The curves of the
light yield for γ-rays, L(E), have discontinuities at the K- and L-edges of Cs and I
for CsI(Tl) and La and Br for LaBr3(Ce). The two extrapolations of Le(Ee) to lower
energies than the mean excitation energy I (≈ 500 eV) for CsI(Tl) and LaBr3(Ce),
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which are shown in Fig. 6.21, have only a negligible eﬀect on L(E). Increasing the
dimensions of the cylindrically shaped scintillators from 	 = 4.5 mm, d = 10 mm
to 	 = 25 mm, d = 25 mm leads only for CsI(Tl) to a higher light yield for ener-
gies above E > 160 keV. This increase is caused by a higher number of Compton
scattered photons being absorbed and not escaping the scintillator, so that the de-
posited energy can be distributed among a higher number of ﬁrst electrons. This
results into a lower mean energy of the ﬁrst electrons. The summation over the
scintillation photons generated by the ﬁrst electrons, leads to a higher total number
of scintillation photons, Nph,j, for the larger compared to the smaller CsI(Tl) scin-
tillator, because of the lower mean energy of the generated ﬁrst electrons and the
values of Le(Ee), which is increasing for decreasing electron energies from 662 keV
to 10 keV (Fig. 6.21). This circumstance shifts L(E) to higher values for the larger
CsI(Tl) scintillator. Because of the small increase of Le(Ee) for LaBr3(Ce) from
60 keV to 662 keV, the increase of L(E) for the larger compared to the smaller
scintillator is also small for energies E > 100 keV.
Figure 6.41.: Simulated and measured normalized mean light yield of CsI(Tl) and
LaBr3(Ce). Our simulations and measurements (solid curve and full
symbols) have been performed for cylindrical CsI(Tl) and LaBr3(Ce)
with the dimensions, 	 = 4.5 mm and d = 10 mm. Measured values
from literature have open symbols a[12] and b[118].
In Fig. 6.41 the normalized light yields, L(E)/c, of CsI(Tl) and LaBr3(Ce) are
compared with normalized values from measurements. The shape of L(E)/c of
CsI(Tl) is in good agreement with the normalized measured values within the error
bars below 122 keV. Above 122 keV the calculated light yield of CsI(Tl) decreases
faster than the measured light yield. A larger change of the light yield in the energy
range 122-662 keV compared to the measured values leads to a larger contribution of
the non-proportional light yield to and an overestimation of the energy resolution.
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The shape of the simulated normalized light yield, L(E)/c, of LaBr3(Ce) is in good
agreement with the normalized measured values within the error bars over the whole
energy range.
Energy resolution as a function of γ-ray energy
Figure 6.42.: Simulated values of Rγ,T (E) and RT (E) for CsI(Tl), dependent on the
incident γ-energy. RT (E) in contrast to Rγ,T (E) includes the noise
component originating from Landau ﬂuctuations in the energy deposi-
tion of the Compton, photo and Auger electrons.
The values of the energy resolution, Rγ,T and RT , are determined by Eq. 6.10
and 6.14 from the simulated spectra of Nph,j and Nph,j. The results are plotted in
Fig. 6.42 and 6.43. RT includes the additional noise component from the Landau
ﬂuctuations in the energy depositions of the generated Compton, photo and Auger
electrons (ﬁrst electrons) along their track through the scintillator. A sensitivity
test has shown that a change of Le for LaBr3(Ce) from Le/c · 65 to Le/c · 55 leads
to a negligible change of Rγ,T and RT . This sensitivity test has been performed,
because results of the mean number of signal electrons, N e, from measurements
and simulations (see Sec. 6.2.2) indicate that the light yield of the used LaBr3(Ce)
scintillators is more likely to be L = 55 Nph/keV than 65 Nph/keV at 662 keV.
The diﬀerence of the two extrapolations of Le(Ee) (Fig. 6.21) to energies below the
mean excitation energy I (≈ 500 eV) of CsI(Tl) and LaBr3(Ce), has only a negligible
eﬀect on Rγ,T (E) and RT (E). An increase of the cylindrical scintillator with the
dimensions 	 = 4.5 mm, d = 10 mm to 	 = 25 mm, d = 25 mm degrades the
energy resolution, Rγ,T (E) and RT (E), of CsI(Tl) only for E > 160 keV, but not for
LaBr3(Ce). As explained before, in larger scintillators the probability of Compton
scattered photons being absorbed is higher compared to smaller scintillators, so that
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Figure 6.43.: Simulated values of Rγ,T (E) and RT (E) for LaBr3(Ce), dependent on
the incident γ-energy. RT (E) in contrast to Rγ,T (E) includes the noise
component originating from Landau ﬂuctuations in the energy deposi-
tion of the Compton, photo and Auger electrons.
there are additional possibilities of distributing the deposited γ-energy among the
ﬁrst electrons. This leads to a larger spread of Nph,j and Nph,j, hence to a poorer
energy resolution of the contributions Rγ,T and RT , if the change of Le(Ee) with
electron energy is large. This is the case for CsI(Tl) (Fig. 6.21 right). For energies
above 30 keV Le(Ee) of LaBr3(Ce) changes only slightly (Fig. 6.21 left). RT (E) of
both scintillators shows discontinuities at their K- and L-edges. This is due to the
fact, that for energies, E, above the edges, there are more possibilities to distribute
the γ-energy among electrons, which leads to an increase of Rγ,T (E). Also RT (E)
of LaBr3(Ce) shows this eﬀect, caused by the monotonous decrease of Re(Ee) from
low to high energies. Because of a local maximum of Re(Ee) of CsI(Tl) around
Ee ≈ 25 keV , there is no increase of RT (E) above the K-edge. For γ-energies
around E ≈ 70 keV both scintillators have the same energy resolution, RT (E).
CsI(Tl) has a better resolution for E < 70 keV and LaBr3(Ce) for E > 70 keV .
Fig. 6.44 shows the simulated values of RT (E) for CsI(Tl) and LaBr3(Ce) and
measured values of the total energy resolution, R, at -20◦C and values from literature,
which have also been determined from measurements. The total energy resolution,
which is described by Eq. 6.5, consists of several noise components. It is expected
that RT (E) < R(E), especially at lower energies. The moderate cooling to -20◦C
minimizes the eﬀect of electronic noise. RT (E) of CsI(Tl) is also determined by the
relative FWHM of a Gaussian ﬁt to the photo peak of the simulated spectra (dotted
green curve). In case of CsI(Tl) the photo peaks have a shoulder on the low energy
side in the energy range from 40 to 122 keV. Its origin is explained in Sec. 6.2.1.
Only the data points of the photo peak, which do not include the shoulder, are used
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Figure 6.44.: Values of RT for CsI(Tl) and LaBr3(Ce) compared to values of the en-
ergy resolution, determined from measurements. The values illustrated
by the green and blue squares are values of the total energy resolution,
R, measured at -20◦C. The values illustrated by the green and blue
circles are taken from literature (a[123], b[114]) and have been deter-
mined from the total energy resolution by subtracting the components
originating from statistics including ﬂuctuations of the PMT gain.
for the Gaussian ﬁt.
For the detector CsI(Tl) + SDD the simulated values of RT (E) (dotted line), is
approximately equal to the measured values of the total energy resolution, R(E), at -
20 ◦C. This suggests that the other noise terms in Eq. 6.5 have smaller contributions
to R for γ-energies E ≥ 22 keV. The measured values of the energy resolution
(full green squares) for γ-energies E < 22 keV are larger than RT (E), because the
values of the electronic noise Rel, RBino and Rη increase, because of the decreasing
absolute number of scintillation photons with decreasing γ-energy (compare Fig.
6.10). A more detailed presentation of the values of all contributions to the energy
resolution will be given in Sec. 6.2.3. For energies E > 122 keV the simulation
overestimates slightly the value of RT , because the best possible ﬁt of the calculated
mean eﬃciency, T e, to the measured values of Le/c from literature lead to a slightly
larger change of its slope in the energy range 122 to 662 keV compared to that of
the measured values. This circumstance increases the non-proportionality of Te,
thus also of T e, due to Eq. 6.26. The diﬀerence between our measured values R
(full green squares) and the values
√
(R2 −R2stat) (Rstat includes for this detector
system the contribution resulting from ﬂuctuations in the multiplication process of
the photomultiplier tube (PMT)), which are values from measurements presented
in literature [123], can arise from the use of diﬀerent CsI(Tl) scintillators, reﬂectors
and readout detectors, such as PMTs. Scintillator properties, such as scintillator
quality and Tl doping concentration (0.25 mole %) [123, 104] can change from one
sample to another, even if the scintillators are from the same distributor.
The values of RT (E) of the detector system LaBr3(Ce) + SDD are smaller than
the measured values of the total energy resolution, R, as expected, but both curves
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have the same slope. The contributions of RBino and Rη, are supposed to be larger
compared to the detector CsI(Tl) + SDD, because of a lower number of detected
signal electrons, due to a lower light collection and quantum eﬃciency of the SDD
for scintillation photons from LaBr3(Ce). The contribution of the light and charge
collection eﬃciency, η, and its contribution to Rη and RBino is investigated in Sec.
6.2.2.
To summarize, the model for incident electrons proposed in [49, 25, 100], which is
based on the dependency of the conversion eﬃciency of the generated electrons and
holes into scintillation photons on the deposited energy density, which is speciﬁed by
a combined eﬃciency of the two eﬃciencies proposed by Birks [84, 116] and Onsager
[85, 86], in combination with Landau ﬂuctuations of the deposited energy by the
electron on its path through the scintillator, reproduces quite well the mean light
yield, Le(E), of the scintillator and makes an estimation of the energy resolution,
Re,T (E), for incident electrons. To determine the energy resolution, RT (E), and
the mean light yield, L(E), for incident γ-rays, in a ﬁrst step, their interaction
with the scintillator and the generation of photo, Auger and Compton electrons
is simulated by the Monte Carlo toolkit Geant4. In a second step each of these
electrons generates a number of scintillation photons, which is calculated from the
mean light yield, Le(E), and ﬂuctuations of Re,T (E) · Le(E)/2.35 around the mean
light yield for incident electrons. The values of RT (E) and L(E) describe very well
the slope and magnitude of the measured energy resolution and reproduce the mean
light yield.
The calculated mean light yield, L(E), of LaBr3(Ce) and the calculated values of
Rγ,T (E) and RT (E) in the energy range 6 keV - 662 keV for CsI(Tl) and LaBr3(Ce)
are presented for the ﬁrst time in this work.
6.2.2. Eﬀect of the light and charge collection eﬃciency on
the energy resolution
In this section the contribution of the light and charge collection eﬃciency to the
energy resolution is investigated.
Geant4 uses the Fresnel equations to calculate the probability for reﬂection, trans-
mission and refraction between two media. The degree of surface roughness of the
scintillator and reﬂector can also be modeled and the value of the reﬂector reﬂec-
tivity and the absorption length of scintillation photons inside the scintillator can
be deﬁned in Geant4. The reﬂection, absorption and transmission at the interface
between optical coupler and SDD entrance window is read from a look-up table.
The values in the look-up table have been calculated with the equations presented
in Sec. 5.5. The eﬀect of the charge collection eﬃciency, CCE, inside the SDD
entrance window, which is deﬁned in Eq. 5.26 has been included into Geant4 by a
short algorithm.
Parameters used in simulations of the light and charge collection
In Fig. 6.45 the layout of γ-detectors are illustrated consisting of a CsI(Tl) (on
the left) or a LaBr3(Ce) scintillator coupled to a SDD (on the right) generated by
Geant4. The CsI(Tl) scintillator is wrapped into a reﬂector with an air gap between
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Figure 6.45.: Detector geometry of a CsI(Tl) (on the left) and LaBr3(Ce) (on
the right) scintillator coupled with an optical coupler to the SDD,
which is mounted onto a substrate, peltier cooler and socket. Between
LaBr3(Ce) and the SDD is the glass window of the LaBr3(Ce) housing.
The green line is an incident γ-ray. The layout is generated by Geant4.
CsI(Tl) and reﬂector of several 100 μm thickness. CsI(Tl) is coupled directly with
an optical coupler onto the SDD entrance window. The LaBr3(Ce) scintillator is
wrapped into a reﬂector with an inﬁnitesimal thin air gap. There is an optical
coupler between LaBr3(Ce) and the 3 mm thick glass window. The glass window
itself is also coupled to the SDD entrance window with an optical coupler. The
surface roughness of the scintillator is modeled by micro facets. The orientation
of the surface normals of the micro facets to the average surface normal of the
scintillator faces is given by a Gaussian distribution, with the standard deviation,
sa. For a 100 % polished surface the value of sa has to be set to 0 rad (1 rad =
180◦/π). In Fig. 6.46 the orientation distribution of the micro facets normals are
plotted for two degrees of surface roughness, with a value of sa = 0.05 rad and 0.1
rad. From measured surface roughnesses of BGO crystals, values of sa = 0.02 rad
for polished and sa < 0.21 rad for ground surfaces have been determined in [91].
The surfaces of the cylindrical and cubical CsI(Tl) scintillators are shown in Fig.
6.47 and 6.48. The degree of surface roughness of the cylindrical scintillators is
larger than for the cubical scintillators. The exact value of the surface roughness
has not been determined experimentally, therefore we simulated the light collection
for several values of surface roughness in the range from sa = 0.04 rad to 0.18 rad.
The reﬂectors used in the measurements are of specular or diﬀuse type. The used
multilayer specular reﬂector has a reﬂectivity larger than 0.98 in the visible range
[98]. In simulations, reﬂectivity values in the range 0.87 - 0.98 are investigated. The
absorption length of CsI(Tl) is supposed to be several meters [50]. The eﬀect of
diﬀerent values in the range from several 10 cm to several meters onto the detector
response is examined. The values of the light yield of CsI(Tl) are taken from results
presented in Sec. 6.2.1.
The degree of surface roughness of the used LaBr3(Ce) scintillators is not speciﬁed
by its distributor. Examination of the crystal and the reﬂector is not possible,
because the LaBr3(Ce) scintillator is vacuum sealed into an aluminum housing. In
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Figure 6.46.: Gaussian orientation distribution of the surface normals of the micro
facets relative to the average surface normal of the scintillator face,
which is the normal of the xy-plane. Its standard deviation, sa, is set
to sa = 0.05 rad (on the left) and sa = 0.1 rad (on the right).
Figure 6.47.: Pictures of the surface of a cylindrical CsI(Tl) scintillator used in the
experiments.
Figure 6.48.: Pictures of the surface of a cubical CsI(Tl) scintillator used in the
experiments.
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our simulations the inﬂuence of the surface roughness onto the number of signal
electrons and the energy resolution is examined in the range sa = 0.06-0.14 rad.
The reﬂector is made of 500 μm thick teﬂon. The diﬀuse reﬂectivity of a several
millimeter thick teﬂon is speciﬁed by Ocean Optics to be larger than 0.98 in the
near ultra violet range. In our simulations, the inﬂuence of a diﬀuse reﬂector with
a reﬂectivity in the range of 0.87 - 0.98 onto the number of signal electrons and
the energy resolution is investigated. The absorption length of LaBr3(Ce) has been
presented in [99]. It is in the range from some millimeters to some meters for photons
in the wavelength range from 300 nm to 400 nm. The values of the scintillator light
yield, L(E), of LaBr3(Ce) are taken from results presented in Sec. 6.2.1.
Spatial and angular distribution of scintillation photons at the SDD EW
We are ﬁrst studying the propagation of scintillation photons from their generation
point, which is in this case the center of a cylindrically shaped CsI(Tl) scintillator
with a polished surface. The photons reaching the CsI(Tl)-air interface with an
Figure 6.49.: Escape of scintillation photons from the scintillator with polished sur-
face and no reﬂector.
angle, ϑ, relative to the surface normal, which is smaller than the angle of total
reﬂection
ϑT = arcsin
(
nair
nCsI(T l)
)
= arcsin
(
1
1.8
)
= 33.7◦, (6.30)
where nair and nCsI(T l) are the refraction indexes of air and CsI(Tl), are reﬂected to
a small extend, but mainly transmitted (Fig. 6.49 yellow areas). The reﬂectance and
transmittance are about 0.1 and 0.9 for the CsI(Tl)-air interface and can be deter-
mined from the Fresnel equations. Scintillation photons incident onto the CsI(Tl)-
air interface with a larger angle than ϑT relative to the surface normal are totally
reﬂected. These photons (Fig. 6.49 white areas) remain within the scintillator.
Reaching the CsI(Tl) - SDD interface after several reﬂections, they are transmitted
into the SDD or totally reﬂected and trapped inside the scintillator, depending on
their angle of incidence at the SDD entrance window.
The calculated angle dependent distribution of photons at the CsI(Tl) face, which
is supposed to be coupled to the SDD entrance window, is illustrated in Fig. 6.50 (on
the left) for a bare, polished and cylindrically shaped CsI(Tl) scintillator (solid line)
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and a CsI(Tl) scintillator wrapped into a specular reﬂector with a reﬂectivity of 1
(dashed line). The right histogram in Fig. 6.50 shows the results from Monte Carlo
simulations with Geant4 for the scintillator without reﬂector. It is assumed that the
scintillation photons are generated in the center of the scintillator. In this case and
also in the example shown in Fig. 6.51 every photon reaching the scintillator face,
which is supposed to be coupled to the SDD, is detected and destroyed afterwards.
No reﬂection and transmission at the SDD entrance window is taken into account
in the results illustrated in Fig. 6.50 and 6.51. The analytical formula describing
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Figure 6.50.: Angle distribution of the photons incident on one face of the CsI(Tl)
scintillator, determined from calculations and Monte Carlo simulations
for a bare CsI(Tl) scintillator. The generation point for scintillation
photons is in the center of the cylindrically shaped CsI(Tl) crystal with
the dimensions 	 = 5 mm and d = 10 mm.
the angle dependent distribution, D(ϑ), of incident photons can be derived from the
integral, which determines the surface of a spherical sector with radius one,
D(ϑ) =
1
4π
∫ 2π
0
∫ ϑ+Δϑ
ϑ
sin(ϑ)dϑdϕ =
1
2
(cos(ϑ)− cos(ϑ+Δϑ)). (6.31)
It is assumed that the generated photons are propagating isotropically into all di-
rections. The broken line in Fig. 6.50 arises from 2 · D(ϑ), because photons with
angles ϑ and ϑ + 180◦ of their momentum directions relative to the normal of the
CsI(Tl) face, which is supposed to be coupled to the SDD, reach this face under
the same angle of incidence. The solid line in Fig. 6.50 results from D(ϑ) in the
range [0, ϑT ] and 2D(ϑ) in the range [ϑT , 90◦ − ϑT ]. The results from calculation
and Monte Carlo simulation of the bare crystal are in good agreement (Fig. 6.50).
The drop of the number of photons with incident angles of ϑ < ϑT is due to the loss
of photons through the CsI(Tl)-air interface on the opposite side of the SDD (Fig.
6.49). The drop in the number of photons for incident angles ϑ > 90◦ − ϑT results
from the loss of photons at the interface between the air and the cylindrical CsI(Tl)
shell (Fig. 6.49). The calculation in Fig. 6.50 on the left has been performed to
verify the result from the Geant4 Monte Carlo simulation. In the following only
results from simulations are presented.
If the position of the generation point of scintillation photons changes from the
center to the position with the coordinates z = 5 mm, x = 0 mm and y = 2.45 mm
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Figure 6.51.: Angle distribution at one face of a cylindrically shaped CsI(Tl) scintil-
lator for photons propagating isotropically from a generation point close
to the border of the scintillator. The dimensions of the scintillator are
	 = 5 mm and d = 10 mm.
inside the scintillator, then the angular distribution of the incident photons onto
the CsI(Tl) face, which is supposed to be coupled to the SDD entrance window,
for a bare and polished scintillator, changes drastically. Now the reﬂectivity of the
photons at the interface between the CsI(Tl) shell and air depends on the angle,
ϕ. The angular distribution of the photons is shown in Fig. 6.51. In this case
much more photons are totally reﬂected at the interface between the cylindrical
CsI(Tl) shell and the air for incident angles ϑ > 90◦ − ϑT . Comparing the angular
distribution of scintillation photons and the number of photons reaching one face of
CsI(Tl) in Fig. 6.50 (on the right) and Fig. 6.51, it is recognizable that the light
collection in a bare and polished scintillator strongly depends on the position, where
the scintillation photons are generated.
Figure 6.52.: Illustration of the notation for the angles of the reﬂected and transmit-
ted scintillation photon relative to the interface normal between CsI(Tl)
and SDD.
In the following results from simulations of the position distribution, where scintil-
lation photons hit the CsI(Tl) - SDD interface, and distributions of the angles (Fig.
6.52) of the transmitted (ϑt ≤ 90◦) and reﬂected photons (ϑr > 90◦) are presented.
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The maximal angle of the transmitted photons can be calculated from Snells law by
ϑt,max = arcsin
(
nCsI(T l)
nSi
· sin (ϑT,(CsI(T l)|SDD−EW ))) = arcsin(nSiO2
nSi
)
≈ 23◦
(6.32)
where n is the refraction index of the material and ϑT,(CsI(T l)|SDD−EW ) ≈ 54◦ the
angle of total reﬂection for a photon incident on the SDD entrance window from the
CsI(Tl) scintillator with a wavelength of 550 nm.
Next, results from simulations are presented, where an energy of E = 122 keV
is deposited inside cylindrically and cubically shaped, polished CsI(Tl) scintillators
close to the top face. The dimensions of the scintillators are 	 = 4.5 mm and
d = 10 mm or 4 x 4 x 10 mm3, whereas the scintillators are surrounded by a
specular reﬂector. The specular reﬂector, VM2002, used in the experiments, has
a reﬂectivity larger than 0.98. In the following simulations it is set to 0.98. The
transmission and reﬂection at the CsI(Tl)-SDD interface and the absorption inside
the SDD entrance window is also included into these simulations. The energy is
deposited at x = 0 mm and y = 2.23 mm in case of the cylindrical or at x = 0 mm
and y = 1.98 mm in case of a cubical CsI(Tl) scintillator close to the top face. In
each simulation 122 keV have been deposited 100 times inside the scintillator. Each
deposition generates E · L(E) = 122 · 69 = 8418 scintillation photons. There is an
air gap of several 100 μm between the scintillator surface and the reﬂector.
Fig. 6.53 shows distribution of the hits of scintillation photons at the CsI(Tl)-
SDD interface. If the generation point of the scintillation photons is in the center of
CsI(Tl) at x = 0 mm and y = 0 mm, then most of them hit the CsI(Tl)-SDD interface
in the center in case of the cylindrical CsI(Tl) (Fig. 6.53(a)) and homogeneously
within the interface in case of the cubical CsI(Tl) scintillator (Fig. 6.53(c)). If the
generation point is close to the CsI(Tl) side face at x = 0 mm and y = 2.23 mm or
x = 0 mm and y = 1.98 mm, most of the scintillation photons hit the CsI(Tl)-SDD
interface close to the cylindrical shell of the scintillator, in case of the cylindrical
CsI(Tl) (Fig. 6.53(b)) or homogeneously within the interface for the cubical CsI(Tl)
scintillator (Fig. 6.53(d)). A fraction of the scintillation photons hit the air - SDD
interface between CsI(Tl) and reﬂector. The probability for scintillation photons to
be transmitted is higher in this area (comp. Fig. 5.9). There is no angle of total
reﬂection at the air - SDD interface.
Fig. 6.54 shows the angular distribution of the transmitted (ϑ ≤ 90◦) and reﬂected
scintillation photons (ϑ > 90◦). The fraction of transmitted photons increases with
an increasing angle. Due to the air gap between scintillator and reﬂector an addi-
tional fraction of photons can be transmitted in this area. The maximal angle of
transmittance from air into the SDD is
ϑt,max−air = arcsin
(
nair
nSi
)
≈ arcsin
(
1
3.6
)
≈ 16◦, (6.33)
which can be identiﬁed at the drop in the number of counts around 16◦ in the
histogram of the angular distribution. For the cylindrical scintillator the frac-
tion of transmitted scintillation photons is larger, if their generation point is on
the scintillator axis (Fig. 6.54(a)) compared to positions close to its surface (Fig.
6.54(b)). This is due to a lower number of trapped photons, visible at the re-
duced number of reﬂections in the range ϑ > 90◦ (Fig. 6.54(a)) compared to the
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(a) CsI(Tl): 	 = 4.5 mm and d = 10 mm, gener-
ation point inside CsI(Tl) at x = 0 mm and y =
0 mm, reﬂector: 	 = 5.8 mm and d = 10.4 mm
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(b) CsI(Tl): 	 = 4.5 mm and d = 10 mm, gener-
ation point of inside CsI(Tl) at x = 0 mm and y
= 2.23 mm, reﬂector: 	 = 5.8 mm and d = 10.4
mm
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(c) CsI(Tl): 4 x 4 x 10 mm3, generation point in-
side CsI(Tl) at x = 0 mm and y = 0 mm, reﬂector:
	 = 7.0 mm and d = 10.4 mm
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(d) CsI(Tl): 4 x 4 x 10 mm3, generation point
inside CsI(Tl) at x = 0 mm and y = 1.98 mm,
reﬂector: 	 = 7.0 mm and d = 10.4 mm
Figure 6.53.: Distribution of the hits at the SDD entrance window for polished cylin-
drical ((a) and (b)) and cubical ((c) and (d)) CsI(Tl) scintillators.
The photons are generated inside the CsI(Tl) scintillator with a sur-
face roughness of sa = 0 rad, which is wrapped into a specular reﬂector
with a reﬂectance of R = 0.98 and an air gap of several 100 μm between
scintillator and reﬂector.
case, where the generation point is close to the scintillator side face (Fig. 6.54(b)).
For the cubical scintillator, there is almost no diﬀerence in the angular distribu-
tion for the two examined positions of generation (Fig. 6.54(c) and 6.54(d)). In
all four histograms of Fig. 6.54 there is a drop in the number of reﬂections at
ϑT,2 = 180
◦ − ϑT,(CsI(T l)|SDD−EW ), which arouses from the total reﬂection of the
scintillation photons at the CsI(Tl) - SDD interface. Only in Fig. 6.54(a) there is
an additional large change at ϑT,1 = 90◦ + ϑT,(CsI(T l)|Air), which originates from the
existence of the angle of total reﬂection at the CsI(Tl) - air interface.
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(a) CsI(Tl): 	 = 4.5 mm and d = 10 mm,
generation point inside CsI(Tl) at x = 0 mm
and y = 0 mm, reﬂector: 	 = 5.8 mm and d
= 10.4 mm
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(b) CsI(Tl): 	 = 4.5 mm and d = 10 mm,
generation point inside CsI(Tl) at x = 0 and
y = 2.23 mm, reﬂector: 	 = 5.8 mm and d
= 10.4 mm
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(c) CsI(Tl): 4 x 4 x 10 mm3, generation point
of γ-rays inside CsI(Tl) at x = 0 mm and y
= 0 mm, reﬂector: 	 = 7.0 mm and d = 10.4
mm
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(d) CsI(Tl): 4 x 4 x 10 mm3, generation
point inside CsI(Tl) at x = 0 and y = 1.98
mm, reﬂector: 	 = 7.0 mm and d = 10.4 mm
Figure 6.54.: Angle distribution of transmitted scintillation photons (ϑ = 0◦ − 23◦)
and number of reﬂections (ϑ = 90◦ − 180◦) at the SDD-CsI(Tl) inter-
face with respect to the SDD surface normal. The photons are generated
inside a cylindrical ((a) and (b)) or a cubical ((c) and (d)) CsI(Tl)
scintillator with a roughness of sa = 0 rad, which is wrapped into a
specular reﬂector with a reﬂectivity of 0.98 and an air gap of several
100 μm between scintillator and reﬂector.
The system quantum eﬃciency, η, for the conversion of scintillation photons into
signal electrons, Ne, for the four cases in Fig. 6.54 is about 0.74 (Fig. 6.54(a)), 0.51
(Fig. 6.54(b)), 0.63 (Fig. 6.54(c)) and 0.63 (Fig. 6.54(d)). For polished scintillators
the light and charge collection deﬁned by η is more uniform for cubically compared
to cylindrically shaped CsI(Tl).
The system quantum eﬃciency can be increased and made more homogeneous
by increasing the scintillator surface roughness. Thereby the number of trapped
scintillation photons is reduced and the light collection uniformity enhanced, due to
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(a) CsI(Tl): 	 = 4.5 mm and d = 10 mm, gener-
ation point inside CsI(Tl) at x = 0 mm and y =
0 mm, reﬂector: 	 = 5.8 mm and d = 10.4 mm
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(b) CsI(Tl): 	 = 4.5 mm and d = 10 mm, gener-
ation point inside CsI(Tl) at x = 0 and y = 2.23
mm, reﬂector: 	 = 5.8 mm and d = 10.4 mm
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(c) CsI(Tl): 4 x 4 x 10 mm3, generation point in-
side CsI(Tl) at x = 0 mm and y = 0 mm, reﬂector:
	 = 7.0 mm and d = 10.4 mm
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(d) CsI(Tl): 4 x 4 x 10 mm3, generation point in-
side CsI(Tl) at x = 0 and y = 1.98 mm, reﬂector:
	 = 7.0 mm and d = 10.4 mm
Figure 6.55.: Distribution of the hits at the SDD entrance window for cylindrical
((a) and (b)) and cubical ((c) and (d)) CsI(Tl) scintillators with a
rough surface (sa = 0.06 rad). The photons are generated inside the
CsI(Tl) scintillator, which is wrapped into a specular reﬂector with a
reﬂectance of 0.98 and an air gap of several 100 μm between scintillator
and reﬂector.
the fact, that the scintillator symmetry is reduced.
Fig. 6.55 shows the hits distribution of scintillation photons at the SDD-scintillator
interface for cylindrical and cubical shaped CsI(Tl) scintillators with a surface rough-
ness of sa = 0.06 rad, wrapped into a specular reﬂector with a reﬂectivity of 0.98
and an air gap between scintillator and reﬂector. Compared to the histograms in
Fig. 6.53 the hits are distributed more homogeneously in case of a rough scintillator
surface. This is the case, especially for cylindrical scintillators.
The number of trapped scintillation photons is reduced to a large extent, which is
shown by the reduction of the number of reﬂections in the range 90◦ - 124◦ and the
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(a) CsI(Tl): 	 = 4.5 mm and d = 10 mm,
generation point inside CsI(Tl) at x = 0 mm
and y = 0 mm, reﬂector: 	 = 5.8 mm and d
= 10.4 mm
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(b) CsI(Tl): 	 = 4.5 mm and d = 10 mm,
generation point inside CsI(Tl) at x = 0 and
y = 2.23 mm, reﬂector: 	 = 5.8 mm and d
= 10.4 mm
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(c) CsI(Tl): 4 x 4 x 10 mm3, generation point
inside CsI(Tl) at x = 0 mm and y = 0 mm,
reﬂector: 	 = 7.0 mm and d = 10.4 mm
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(d) CsI(Tl): 4 x 4 x 10 mm3, generation
point inside CsI(Tl) at x = 0 and y = 1.98
mm, reﬂector: 	 = 7.0 mm and d = 10.4 mm
Figure 6.56.: Angle distribution of transmitted scintillation photons (ϑ = 0◦ − 23◦)
and number of reﬂections (ϑ = 90◦ − 180◦) at the SDD-CsI(Tl) inter-
face with respect to the SDD surface normal. The photons are gener-
ated inside a cylindrical ((a) and (b)) or a cubical ((c) and (d)) CsI(Tl)
scintillator with a rough surface (sa = 0.6 rad), which is wrapped into
a specular reﬂector with the reﬂectance 0.98 and an air gap of several
100 μm between scintillator and reﬂector.
increase of the transmitted photons in Fig. 6.56 compared to the values in Fig. 6.54.
The value of η changes from (a) to (d) in the Fig. 6.56 from 0.80, 0.82, 0.85 and
0.85 respectively. The relative improvement of the light collection eﬃciency and its
homogeneity is larger for cylindrical CsI(Tl) scintillators with rough surfaces, but
the absolute values are better for cubical CsI(Tl) scintillators with the same surface
roughness.
Results from measurements, which are illustrated in Fig. 6.57, conﬁrm the as-
sumptions drawn from results of simulations, that an increasing surface roughness
of the scintillator, increases the number of transmitted photons. Independent on
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Figure 6.57.: Normalized measured number of signal electrons, N e/E, for E =
662 keV with diﬀerent reﬂectors and two kinds of surface roughness.
VM2000, VM2002 and specular side of Millipore paper are specular
reﬂectors, whereas Teﬂon is a diﬀuse reﬂector.
the fact, whether the reﬂector is specular or diﬀuse, an increase of the scintillator
surface roughness leads to an increase of the system quantum eﬃciency, hence to a
larger number of signal electrons per keV, Ne/E.
The eﬀect of the light and charge collection eﬃciency and homogeneity onto the
spectrum generated by incident γ-rays with an energy of E = 662 keV onto a
bare CsI(Tl) scintillator or wrapped into a reﬂector is illustrated in Fig. 6.58. The
simulated spectra is similar to the measured spectra in Fig. 6.15. Also the measured
and simulated ratios of the number of signal electrons from the detector system
with and without a reﬂector are close to each other. The ratio determined from
measurement is 2.2 and the ratios determined from simulations are 2.1 for sa = 0.04
rad and 2.6 for sa = 0.1 rad. Increasing the surface roughness by increasing the value
sa, leads to a better resolution, but also to the loss of a larger fraction of scintillation
photons, if the scintillator is not wrapped into a reﬂector. The diﬀerences between
the measured (Fig. 6.15) and simulated (Fig. 6.58) spectra result from the fact,
that only the contribution of the light and charge collection are included in the
simulations. Other noise sources are disregarded here.
117
6. Detector response of a single SDD + CsI(Tl) or LaBr3(Ce)
eN
0 5000 10000 15000 20000 25000 30000 35000 40000
C
ou
nt
s
0
50
100
150
200
250
300
(a) diﬀuse reﬂector, surface roughness
sa = 0.04 rad
eN
0 5000 10000 15000 20000 25000 30000 35000 40000
C
ou
nt
s
0
50
100
150
200
250
300
(b) diﬀuse reﬂector, surface roughness
sa = 0.1 rad
eN
0           4000           8000           12000          16000          20000
C
ou
nt
s
0
20
40
60
80
100
(c) no reﬂector, surface roughness sa = 0.04 rad
eN
0      4000     8000            12000            16000
C
ou
nt
s
0
50
100
150
200
250
300
(d) no reﬂector, surface roughness sa = 0.1 rad
Figure 6.58.: Simulated spectra in number of signal electrons after irradiation of a
cylindrical CsI(Tl) scintillator, 	 = 4.5 mm and d = 10 mm, with
662 keV γ-rays. The scintillator is wrapped into a reﬂector with a
reﬂectivity of 0.98.
Eﬀect of the light and charge collection
Detector parameters, which aﬀect the contributions Rη and RBino to the energy
resolution and the system quantum eﬃciency, η, for scintillation photons, are the
surface roughness of the scintillator, the reﬂector type and reﬂectivity, the absorp-
tion length for scintillation photons inside the scintillator and the quantum eﬃciency
of the SDD.
SDD + LaBr3(Ce)
The LaBr3(Ce) scintillator is wrapped into a teﬂon reﬂector and vacuum sealed
inside an aluminum housing with a 3 mm thick glass window. The coupler is an
optical grease (d = 100 μm) with a refraction coeﬃcient of ngrease = 1.46. Between
scintillator and reﬂector is an inﬁnitesimal thin air gap. The dimensions of the
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cylindrical scintillator are: a diameter of 	 = 5 mm and a thickness of 10 mm.
The measured absorption length of UV-Vis photons in LaBr3(Ce) up to 360 nm is
Figure 6.59.: Measured absorption length of LaBr3(Ce) up to photon wavelengths of
360 nm from [99]. The absorption length is set to 2 m for wavelengths
larger than 370 nm. The dashed line is the normalized scintillation
spectrum of LaBr3(Ce) [68].
presented in [99]. It is illustrated in Fig. 6.59. For wavelengths larger than 370 nm
the values have been set to 2 m.
The light yield of LaBr3(Ce) is set to 55 photons per keV for γ-rays with an
energy of 122 keV in the following simulations to match the measured number of
signal electrons. The scintillator distributor stated that the light output of our
LaBr3(Ce) sample is about 90 % of the nominal value.
Fig. 6.60 shows the simulated values of the energy resolution, Rη, and the number
of signal electrons per keV, N e/E[keV ], in dependence of the degree of scintillator
surface roughness, sa, and the reﬂectivity of the diﬀuse reﬂector, for the absorption
length illustrated in Fig. 6.61. The value N e/E[keV ] has been measured for two
cylindrical LaBr3(Ce) scintillators. For incident γ-rays of 122 keV the mean number
of measured signal electrons per keV is 21 or 23. Values with N e/E(122keV) = 17 to
23 Nph/keV have an energy resolution in the range Rη = 0.02 to 0.06 for γ-rays with
an energy of 122 keV. Reducing the LaBr3(Ce) scintillator surface roughness from
sa = 0.14 to 0.06 rad or the reﬂectivity of the reﬂector from 0.98 to 0.87 degrades
the energy resolution and reduces the number of signal electrons drastically. Rη and
N e/E change only slightly, if the light yield is increased from L = 55 to 60 Nph/keV.
The energy dependent energy resolution, Rη(E), and the mean number of signal
electrons per keV, N e/E[keV ], are presented in Fig. 6.61 for a surface roughness
of sa = 0.1, a diﬀuse reﬂectivity of 0.96 and 0.98 and an energy dependent mean
light yield of L(662keV) = 55 Nph/keV. Rη(E) decreases with increasing γ-energies
up to 40 keV and remains almost constant, if the energy is increased above 40 keV.
The decrease of the Rη(E) up to 40 keV originates from the fact, that the absolute
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(a) energy resolution (b) signal electrons per keV
Figure 6.60.: Results of the energy resolution, Rη, and the mean number of signal
electrons per keV, N e/E, for the cylindrical LaBr3(Ce), 	 = 5 and d =
10 mm, plotted against the surface roughness, sa, and the reﬂectivity of
the diﬀuse reﬂector. The light yield is L = 55 Nph/keV for the incident
122 keV γ-rays. The absorption length is illustrated in Fig. 6.59.
number of photons increases with an increasing γ-energy. For energies larger than
40 keV the absorption depth range of γ-rays inside the scintillator is larger. This
leads to larger ﬂuctuations of the collection eﬃciency of scintillation photons, so that
Rη(E) does not decrease further for energies larger than 40 keV. RBino(E) decreases
with increasing energy and approaches the value of Rη(E) at 662 keV, but it remains
for all energies larger. A reduction of the reﬂectivity from 0.98 to 0.96 leads to an
Figure 6.61.: Simulated values of Rη(E) and mean number of signal electrons per
keV, N e/E, for the absorption length given in Fig. 6.59, a surface
roughness of sa = 0.1 rad, a diﬀuse reﬂectivity of 0.96 and 0.98 and
an energy dependent light yield with L(662keV) = 55 photons/keV.
increase of Rη(E) by a factor up to two and to a reduction of the system quantum
eﬃciency, η, by about 12 %. η remains almost constant in the energy range 6 - 662
120
6.2. Results from calculations and simulations
keV, due to the small scintillator thickness and the high reﬂectivity of the reﬂector.
Simulations show that, if LaBr3(Ce) is directly coupled onto the SDD entrance
window, without a 3 mm glass window in between, Rη and the system quantum
eﬃciency, η, are improving slightly.
To further optimize the detector performance, the LaBr3(Ce) scintillator has to be
coupled directly onto the SDD and the SDD quantum eﬃciency has to be increased
in the range between 300 nm to 400 nm as supposed in Sec. 5.5.2.
SDD + CsI(Tl)
In the following, the eﬀect of the light and charge collection on the energy resolution
and the mean number of signal electrons per keV, inside the detector system consist-
ing of a SDD coupled to CsI(Tl) are investigated by Monte Carlo Simulations. The
coupler is an optical pad (100 μm) and grease (40 μm) with refraction coeﬃcients
of npad = 1.41 and ngrease = 1.46. Between scintillator and reﬂector is an air gap of
several 100 μm.
Fig. 6.62 shows Rη and N e/E for the cylindrically and cubically shaped CsI(Tl),
plotted against the surface roughness, sa, and reﬂectivity of the diﬀuse reﬂector.
The absorption length of the scintillation light is set to 2 m inside CsI(Tl). The
measured mean number of signal electrons per keV for γ-energies of E = 122 keV
measured with the cylindrical CsI(Tl) and including the ballistic deﬁcit, due to the
long scintillation decay time in CsI(Tl), is about 56 N e/E[keV ]. Removing the loss
of signal electrons from ballistic deﬁcit, which is about 5 %, results into a value of
59 N e/E[keV ]. This value, in combination with a surface roughness of sa ≥ 0.1 and
a reﬂectivity of about 0.98, corresponds to a Rη(122 keV) value of maximal 0.01
(Fig. 6.62(a)) in case of a cylindrical scintillator. The dependence of Rη(122 keV)
and N e/E(122 keV) in Fig. 6.62(a) and 6.62(b) on the CsI(Tl) surface roughness is
not as strong as for the γ-detector composed of the LaBr3(Ce) scintillator and SDD
shown in Fig. 6.60.
Rη(122 keV) and Ne/E(122 keV) for cubical CsI(Tl) scintillators with a face of
4 x 4 mm2 and a thickness of d = 10 mm are better and higher (Fig. 6.62(c) and
6.62(d)) compared to the cylindrical scintillator for the same set of parameters. At
122 keV the measured value of 57 N e/E[keV ], which is about 60 without ballistic
deﬁcit, corresponds to a value of Rη(122 keV) of maximal 0.005. There is also almost
no dependence of Rη(122 keV) and N e/E[keV ](122 keV) on the CsI(Tl) surface
roughness for the cubical scintillator. Rη(122 keV) becomes actually slightly worse
for reﬂectivity values below 0.94 and for an increasing CsI(Tl) surface roughness
above sa = 0.06 rad.
Rη(122 keV) and N e/E[keV ](122 keV) depend stronger on a change of the reﬂec-
tivity than on a change of the surface roughness in the illustrated range.
For incident γ-rays of 122 keV Fig. 6.63 and 6.64 show values of Rη and RBino and
the system quantum eﬃciency, η, as a function of the absorption length and scintilla-
tor surface roughness for a diﬀuse reﬂector with a reﬂectivity of 0.98. The scintillator
thickness is 10 mm. Rη decreases strongly for cylindrically shaped CsI(Tl) scintil-
lators for increasing values of the absorption length from 0.2 to 1 m and increases
slightly up to 8 m (Fig. 6.63 on the left). Rη decreases slightly for cubically shaped
CsI(Tl) scintillators for absorption lengths in the range from 0.2 to 1 m and remains
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(a) energy resolution, CsI(Tl): 	 = 4.5 and
d = 10 mm
(b) signal electrons per keV, CsI(Tl): 	 = 4.5 and
d = 10 mm
(c) energy resolution, CsI(Tl): 4 x 4 x 10 mm3 (d) signal electrons per keV, CsI(Tl): 4 x 4 x 10
mm3
Figure 6.62.: Results of Rη(122 keV) and N e/E(122 keV) from Monte Carlo simu-
lations for cylindrical ((a) and (b)) and cubical ((c) and (d)) CsI(Tl)
scintillators plotted against the surface roughness, sa, and reﬂectivity
of the diﬀuse reﬂector. The absorption length is set to 2 m and the
light yield for the incident photons to L(122 keV) = 69 keV.
constant up to 8 m. Rη of the cubically is smaller compared to the cylindrically
shaped scintillator especially for absorption lengths smaller than 1 m, due to the
fact, that scintillation photons have to travel longer distances inside the cylindrically
shaped scintillator before being absorbed inside the SDD. This circumstance makes
this system more sensitive on the position where scintillation photons are generated.
η increases up to an absorption length of 2 m and remains almost constant for
higher values (Fig. 6.63 on the right). η is larger for the cubically compared to
the cylindrically shaped CsI(Tl) scintillator. From an absorption length of 2 m to
lower values, the diﬀerence of the system quantum eﬃciency between cubically and
cylindrically shaped CsI(Tl) increases. This is because scintillation photons have
to travel longer distances inside the cylindrically shaped scintillator before reaching
the SDD.
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Figure 6.63.: Eﬀect of the absorption length of scintillation light in CsI(Tl) on the
energy resolution, Rη, and quantum eﬃciency of the system, η, for
incident γ-rays of E = 122 keV. The CsI(Tl) scintillator is cylindrical
or cubical with the dimensions 	 = 4.5 mm and d = 10 mm or 4 x 4
x 10 mm3. The reﬂector is diﬀuse with a reﬂectivity of 0.98.
RBino is almost constant for absorption lengths in the range from 0.2 to 8 m and
it is larger than Rη, except for the case, where the cylindrical CsI(Tl) scintillator
has absorption lengths of 0.2 m and 0.5 m.
In Fig. 6.64 the parameter of the surface roughness, sa, of CsI(Tl) is varied
and the absorption length is kept constant at 2 m. Rη for the cylindrically shaped
Figure 6.64.: Eﬀect of the degree of surface roughness, sa, on the energy resolution,
Rη, and quantum eﬃciency of the system, η, for incident γ-rays of E
= 122 keV. The CsI(Tl) scintillator has an absorption length of 2 m
and it is cylindrical or cubical with the dimensions 	 = 4.5 mm and d
= 10 mm or 4 x 4 x 10 mm3. The reﬂector is diﬀuse with a reﬂectivity
of 0.98.
CsI(Tl) scintillator decreases with an increasing value of sa until sa = 0.06 rad and
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remains almost constant, if the value of sa is increased further. For cubically shaped
CsI(Tl) scintillators Rη remains almost constant for all illustrated values of surface
roughness and it is equal to the values of cylindrically shaped CsI(Tl) for sa ≥ 0.06
rad. For sa < 0.06 rad the light collection is more homogeneous inside cubically
shaped CsI(Tl) scintillators, because the angular distribution of scintillation photons
on the scintillator walls do not depend on their generation position compared to
cylindrically shaped scintillators.
RBino is almost constant for all illustrated values of surface roughness and it is
larger than Rη except for the cylindrical CsI(Tl) scintillator with a surface roughness
of sa < 0.04 rad.
η increases slowly with increasing surface roughness and it is larger for the cubi-
cally shaped scintillator. The ascending slope of η is larger for cylindrically than for
cubically shaped scintillators. This results from a lower number of trapped scintil-
lation photons in cubical compared to cylindrical scintillators, which has also been
investigated in Sec. 6.2.2.
For an absorption length larger than 1 m, a surface roughness of the scintillator,
sa ≥ 0.06 rad and a reﬂectivity of the diﬀuse reﬂector of 0.98 coupled to the SDD
results into small contributions of Rη and RBino with values of about 0.005 and 0.015
for incident γ-rays of 122 keV.
Figure 6.65.: Simulations of RBino(E) and Rη(E) for SDD + CsI(Tl), with an ab-
sorption length of l = 2 m for scintillation photons in CsI(Tl), a light
yield of L(122 keV) = 69 photons/keV, a reﬂector reﬂectivity of 0.98
and a source of 122 keV.
In Fig. 6.65 and 6.66 simulated results of Rη(E), RBino(E) and N e(E)/E for
incident γ-rays of 122 keV are analyzed as a function of scintillator surface roughness,
thickness, shape and reﬂector type. The CsI(Tl) scintillators with an absorption
length of 2 m are cylindrically shaped with a diameter of 	 = 4.5 mm or cubically
shaped with a face of 4 x 4 mm2 and thicknesses of 5 mm, 10 mm and 20 mm. The
values of RBino and Rη increase from 5 mm to 20 mm thickness for the cylindrically
and cubically shaped scintillator, except for the cylindrically shaped scintillator with
a surface roughness of sa = 0.05 rad the value of Rη has a minimum at a scintillator
thickness of 10 mm. Increasing the surface roughness from sa = 0.05 rad to sa = 0.1
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rad improves the resolution in most cases. This improvement is largest for Rη of the
system with the cylindrical scintillator with a thickness of 5 mm. The cubical CsI(Tl)
scintillator has for both degrees of scintillator surface roughness, sa = 0.05 rad and
0.1 rad, lower values of RBino and Rη than the cylindrical one. The diﬀerences of
RBino and Rη(E) between the two surface roughnesses are not as pronounced for the
cubically as for the cylindrically shaped CsI(Tl). The diﬀuse reﬂector yields usually
slightly better resolutions than the reﬂector with the specular surface. For γ-rays
with an energy of 122 keV the value of RBino is larger than the value of Rη.
A diﬀuse reﬂector and a larger surface roughness improves the energy resolution
slightly for the cylindrically shaped scintillator. For the cubically shaped scintillator
the improvement is smaller.
The results presented in Fig. 6.65 show the same tendencies as the measured
dependencies of the energy resolution shown in Fig. 6.16.
Figure 6.66.: Simulations of N e(E)/E for SDD + CsI(Tl), with an absorption
length of l = 2 m for scintillation photons in CsI(Tl), a light yield
of L(122 keV) = 69 photons/keV, a reﬂector reﬂectivity of 0.98 and a
source of 122 keV.
In Fig. 6.66 the mean numbers of signal electrons per keV, N e(E)/E, are plotted
against the thickness for cylindrical (on the left) and cubical CsI(Tl) (on the right).
The value of N e(E)/E reduces by about 10 % for an increase of the scintillator
thickness from 5 to 20 mm. The cubical CsI(Tl) yields a slightly higher value of
N e(E)/E by about 1 to 2 signal electrons per keV compared to cylindrical CsI(Tl).
The reﬂector with the rough surface is more eﬃcient in the light collection and leads
to a higher number of signal electrons N e(E)/E than the one with the specular
surface. These diﬀerences are decreasing with increasing surface roughness from
sa = 0.05 rad to 0.1 rad of CsI(Tl).
The reason for the diﬀerence in Rη(E), RBino(E) and N e(E)/E between cylin-
drical and cubical scintillators is that scintillation light has to travel longer paths,
which includes more reﬂections, due to the geometry, until reaching the SDD. The
probability of being absorbed in a cylindrical scintillator is higher and the scintilla-
tor and reﬂector surface become more important, because reﬂections are occurring
more often. The scintillator absorption length, geometry and surface roughness, the
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reﬂector type and reﬂectivity and the quantum eﬃciency of the SDD are parameters,
which determine the light collection and its inﬂuence on Rη, RBino and N e(E)/E.
Figure 6.67.: Results of N e/E from measurements and simulations of cylindrically
(	 = 4.5 mm) and cubically (4 x 4 mm2) shaped CsI(Tl) scintillators
wrapped into a diﬀuse or specular reﬂector with a reﬂectivity of 0.98.
The parameters of the absorption length and CsI(Tl) surface roughness
are set to l = 2 m and sa = 0.1 rad. The light yield of CsI(Tl) is
L(122 keV) = 69 photons/keV. A ballistic deﬁcit of 5 % has been
assumed.
The number of signal electrons per keV, N e(E)/E, from simulations and measure-
ments for diﬀerent scintillator lengths are presented in Fig. 6.67. These simulations
include the loss of signal electrons, due to ballistic deﬁcit of about 5 % at a shap-
ing time of 12 μs, due to the long decay time of scintillation light in CsI(Tl). The
measured number of signal electrons per keV, N e(E)/E, is in good agreement with
the results from simulations within the error bars, so that the validity of our de-
tector model, which is used in the simulations, can be conﬁrmed. The values of
the quantum eﬃciency of the system, η, for scintillation photons is plotted in Fig.
6.68 for the three CsI(Tl) thicknesses. η is almost constant in the energy range
6 keV - 662 keV, because of the small scintillator sizes and large absorption length
of scintillation light inside CsI(Tl), the high reﬂectivity of the reﬂector and the high
quantum eﬃciency of the SDD entrance window.
The energy dependent relative energy resolutions, RBino(E) and Rη(E), for three
cylindrical CsI(Tl) scintillators with an absorption length of 2 m, a scintillator sur-
face roughness of sa = 0.1 rad and thicknesses of d = 5 mm, 10 mm and 20 mm
respectively are illustrated in Fig. 6.69 on the left. RBino decreases with increasing
energy and is larger for thicker scintillators. RBino is larger than Rη(E) up to ener-
gies of 300 keV. Rη(E) decreases for increasing energies up to 60 keV and increases,
if the energy is increased further for scintillators with a thickness of 10 mm and
20 mm. This originates from an increase of the absorption depth range of γ-rays
inside CsI(Tl) for γ-rays with an increasing energy and thicker scintillators, which
enable the absorption in a larger volume.
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Figure 6.68.: Simulated values of η for the system SDD coupled to cylindrical (	 =
4.5 mm) or cubical (4 x 4 mm2) CsI(Tl) scintillators with thicknesses
of d = 5, 10 and 20 mm respectively and wrapped into a diﬀuse reﬂector
with a reﬂectivity of 0.98. Green circles and squares are values, where
the ballistic deﬁcit of 0.05 of signal electrons is included. sa is the
degree of surface roughness in rad. The mean light yield of CsI(Tl) is
set to L(122 keV) = 69 photons/keV.
Figure 6.69.: Simulated values of RBino(E) and Rη(E) as a function of the γ-energy,
inside the system SDD coupled to the cylindrical CsI(Tl) scintillator
(on the left) with the dimensions, 	 = 4,5 mm and d = 10 mm, an
absorption length of 2 m, a degree of surface roughness of sa = 0.1 rad
and a diﬀuse reﬂector with a reﬂectivity of 0.98. In the right ﬁgure the
values of RBino(E) and Rη(E) for 10 mm thick cylindrical and cubical
CsI(Tl) (4 x 4 mm2) are illustrated.
Fig. 6.69 on the right shows the energy dependence of RBino and Rη(E) for
a cylindrical and cubical CsI(Tl) scintillator with a thickness of 10 mm. For the
cubical CsI(Tl) scintillator RBino is slightly better.
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For the detector system CsI(Tl) + SDD the values of RBino and Rη are smaller
compared to the contribution from the light yield non-proportionality, RT (see Sec.
6.2.1).
The best detector performance for a detector system consisting of a single SDD
coupled to CsI(Tl) or LaBr3(Ce) can be achieved for a SDD with a high quantum
eﬃciency of ≥ 0.9, a cubical scintillator as thin as possible with a rough surface,
wrapped into a diﬀuse reﬂector with a high reﬂectivity of ≥ 0.98. Furthermore
the absorption length of scintillation photons should be larger than 1 m inside the
scintillator. There should also be the possibility to couple the scintillator directly
onto the SDD entrance window.
6.2.3. Total energy resolution and its contributions
The relative energy resolution, R(E), of the detector system scintillator coupled to
an SDD can be described by Eq.
R(E) ≈ 2.35
√
R2Fano−Scint +R
2
T +R
2
η +R
2
Bino +R
2
el, (6.34)
which has been derived and discussed in Sec. 4.1.
Fig. 6.70 shows the relative energy resolution, R(E), and its contributions in
the energy range from E = 22 to 662 keV for the detector system consisting of a
cylindrical LaBr3(Ce) scintillator with a diameter of 	 = 5 mm and a thickness of
d = 10 mm coupled to a SDD. Due to the fact, that the Fano factor of LaBr3(Ce) is
Figure 6.70.: Calculated and measured energy resolution, R(E), of
LaBr3(Ce) + SDD (30 mm2) and its contributions. RFano has
been calculated for F = 1 and w = 13 eV.
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not known yet, its value has been set to 0 and 1, so that the eﬀect on the calculated
value of R(E) (black open circles in Fig. 6.70) can be visualized. The measured
(black squares in Fig. 6.70) and the calculated values of R(E) are in good agreement
within the error bars. Rη has the lowest contribution to the energy resolution for
energies E < 122 keV and for larger energies it remains almost constant. The
electronic noise contribution, Rel, has the lowest value of all noise contributions
for energies E ≥ 122 keV. Rel can be reduced by cooling the detector to moderate
temperatures, especially for low energies. The contribution of the binomial term,
RBino, to the energy resolution is in the energy range from 22 keV to 662 keV
below the contribution of the light yield non-proportionality, whereas their diﬀerence
becomes smaller to higher energies. For the detector type SDD + LaBr3(Ce) the
dominant contributions to the energy resolution are RT and RBino. Increasing the
quantum eﬃciency of the SDD in the energy range 300 to 400 nm as supposed in
Sec. 5.5.2 would reduce RBino.
In Fig. 6.71 the values of the energy resolution, R(E), and its contributions
are plotted against the γ-energy for the detector system consisting of a cylindrical
CsI(Tl) scintillator with a diameter of 	 = 4.5 mm and a thickness of d = 10 mm
coupled to a SDD.
Figure 6.71.: Calculated and measured energy resolution, R(E), of CsI(Tl) + SDD
(30 mm2) and its contributions. RFano has been calculated for F = 0.28
and w = 14 eV.
The measured and calculated values of the energy resolution are in good agreement
within the error bars. The contribution of the inhomogeneous light and charge
collection, Rη, to the energy resolution is over the whole energy range the smallest
contribution. The contributions of RFano−CsI and RBino are larger than that of Rη.
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The electronic noise contribution, Rel, becomes larger than RFano−CsI and RBino for
energies E ≤ 60 keV and larger than RT for energies E ≤ 22 keV. Rel can be reduced
to values below RT over the whole energy range, if the detector is cooled to from
10◦C to - 20◦C. For the detector type SDD + CsI(Tl) the main contribution to the
energy resolution originates from the non-proportional light yield of CsI(Tl).
In this chapter we could show that the non-proportional light yield is the main
reason for the energy dependent degradation of the energy resolution. The origins of
the non-proportional light yield of scintillators are of physical nature. Their impact
can be inﬂuenced by increasing the crystal quality, because of a reduction of impurity
concentration, by changing the doping concentration of the ﬂuorescence ions and by
co-doping [125, 126].
The other contributions to the energy resolution, except of RFano−Scint, can be
optimized by improving the SDD entrance window and choosing the appropriate
scintillator geometry, surface roughness and reﬂector type. These parameters have
been already optimized for the SDD + CsI(Tl) detector, but there is still room to
improve the LaBr3(Ce) + SDD detector.
In order to improve the resolution of the detector system SDD + scintillator
the most important task will be to develop scintillators with a high and almost
proportional light yield. These would be scintillators with a smaller band gap and
much higher and similar mobilities of electrons and holes, so that on the one hand
the diﬀusion from regions with high ionization densities is fast enough to avoid Auger
like quenching and on the other hand to reduce the separation distance of electrons
and holes. Recently developed scintillators with a more proportional light yield are
SrI2(Eu) and LaBr3(Ce) co-doped with Sr [25, 126].
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SDD array/pnCCD + CsI(Tl)
detectors
In this chapter we investigate the detector response of γ-ray cameras, consisting of
a SDD array/pnCCD coupled to a scintillator. Results from measurements with a
77 cell SDD array + CsI(Tl) γ - detector are used to deﬁne the parameters for the
Monte Carlo simulations. It is examined by simulations how a change of detector
parameters aﬀects the energy and spatial resolution. SDD array + CsI(Tl) detectors
have been developed for energies of several 10 keV up to 300 keV. For this detector
type the radiation is incident from the scintillator side.
The performance of a detector consisting of a pnCCD coupled to a CsI(Tl) is stud-
ied by Monte Carlo simulations, in order to ﬁnd appropriate detector parameters,
which make it possible to expand the excellent detector performance of a pnCCD
with respect to the quantum eﬃciency, energy and spatial resolution up to 150 keV.
In this case the detector system is irradiated from the pnCCD side to allow also the
detection of X-rays down to 1 keV.
7.1. Principles of the Anger γ-camera
Figure 7.1.: Setup of the Anger camera consisting of a continuous scintillator coupled
to an SDD array.
From the generation point, where the incident γ-ray deposits a part or its total
energy inside the scintillator, scintillation photons are propagating isotropically in
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all direction (Fig. 7.1). The aspect ratio of the scintillator, which is the cross section
over the thickness, has to be large (>> 1), in order to assure an exact reconstruction
of the position, where scintillation photons have been generated. A large aspect
ratio reduces the interaction of scintillation photons on the scintillator side faces.
This favors a distribution of scintillation photons on the SDD array/pnCCD with
the maximum number inside the closest pixels below the generation point and a
decreasing number inside pixels with an increasing distance (Fig. 7.1). This is
because of a decreasing solid angle covering the area of a pixel at larger distances
from the generation point (Fig. 7.2 blue). Also the ratio of scintillator thickness to
the cross section of the pixel is very important, because it determines, together with
the scintillator surface roughness and reﬂectivity, the distribution of scintillation
photons and the number of pixels, which register a signal above the data acquisition
(DAC) threshold.
A small scintillator thickness compared to its cross section, a diﬀuse Lambertian
reﬂector on top of the scintillator, so that reﬂection is favored perpendicular to the
scintillator top face, and absorbing paint of the scintillator side faces improve the
collection of scintillation photons, because they are focused onto the pixels close to
the generation point. A focus of scintillation photons on a lower number of pixels
increases the signal to electronic noise ratio, hence the energy and spatial resolution.
A low electronic noise level is very important, because it determines the height of
the DAC threshold.
Nevertheless, a high fraction of photons is lost, due to the fact, that scintillation
photons propagating from the generation point into the direction of the side faces
are absorbed there (Fig. 7.2 dark yellow) and because of totally reﬂected photons
on the detector entrance window.
Figure 7.2.: Dark yellow areas: scintillation photons inside these solid angles are
lost, due to absorption on the scintillator side walls. Yellow areas: scin-
tillation photons have a certain probability to penetrate into the SDD.
Blue areas: solid angle covering one SDD cell for two distances from
the generation point of the scintillation light.
The depth of the generation point of scintillation light inside the scintillator is
also a crucial parameter, because it deﬁnes the number of SDD cells over which
scintillation photons are distributed.
If the γ-energy exceeds 200 keV (Fig. 2.1) the probability of Compton scattering
in CsI or LaBr3 is greater than the cross section for photo eﬀect. For Compton
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scattered γ-rays there is the probability of a second interaction via Compton or
photo eﬀect, so that one incident γ-ray could generate scintillation photons in two
or more positions inside the scintillator. This complicates the reconstruction of the
interaction points.
The intrinsic spatial resolution is deﬁned as the full width at half maximum,
FWHM, of a Gaussian ﬁt through the spatial distribution of the reconstructed po-
sitions, (x,y), where scintillation photons have been generated. The intrinsic spatial
resolution is denoted as R˜i.
In this work we investigate the energy and intrinsic spatial resolution of Anger
γ-cameras, consisting of an SDD array of 77 hexagonal cells coupled to a 5 mm thick
CsI(Tl) scintillator (Sec. 7.2).
If an image of an extended object, which emits γ-rays into several directions, is
required, a collimator has to be placed in front of the scintillator. The collimator
serves as an objective, which generates a projection of the object inside the scin-
tillator. In App. E two types of collimators and their contribution to the spatial
resolution are introduced.
7.2. 77 cells SDD array + CsI(Tl) γ-camera
Figure 7.3.: Bare 77 cell SDD array detector with front end electronics and a heat
dissipater made of copper.
SDD arrays of diﬀerent shapes and sizes with anti-reﬂection coatings coupled
to one CsI(Tl) scintillator have been developed for γ-ray imaging [127, 128, 129,
130, 131]. Such an Anger camera could be interesting in diﬀerent ﬁelds such as
medical application, astrophysics or as a monitor for the radiation inside a fusion
plasma. The focus of these γ-detectors has been more on the imaging than on
spectroscopy in the past. The beneﬁts of SDD compared to PMT arrays are the
monolithic integration of several SDD cells with a ﬁll factor close to 100 %, lower bias
voltages, a low sensitivity to magnetic ﬁelds and a quantum eﬃciency of QE > 0.6
compared to QE < 0.45 for PMTs ([132]). These advantages in combination with
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more compact SDD arrays result in a better intrinsic spatial resolution of an Anger
camera consisting of a SDD instead of a PMT array coupled to a scintillator. The
lower electronic noise value of SDDs is furthermore an advantage compared to diode
arrays. A very good intrinsic spatial resolution can be achieved with a relatively
low number of photodetector cells, reducing the electronic complexity and costs
compared to direct semiconductor γ-ray detectors such as CdTe, which need a high
number of small pixels to achieve the same spatial resolution.
The investigated γ-ray Anger camera consists of a monolithic SDD array with 77
hexagonal cells (Fig. 7.3) and a total area of 2.9 cm · 2.6 cm = 7.6 cm2. Each
cell has a diameter of 	 = 3.2 mm and an area of 8.7 mm2. The SDD array
Figure 7.4.: 77 cell SDD array detector coupled to a 5 mm thick CsI(Tl) scintillator.
is coupled to a CsI(Tl) scintillator with a thickness of 5 mm (Fig. 7.4), which
covers all SDD cells. The absorbed fraction of the incident radiation in dependence
on the energy is illustrated in Fig. 7.5. More than 50 % of the incident γ-rays
with an energy of 200 keV are absorbed inside the 5 mm thick CsI scintillator. The
Figure 7.5.: Absorbed fraction of the incident photons inside CsI with a thickness of
5 and 3 mm.
scintillator has a polished surface. Its top face is covered with Millipore paper, which
serves as a diﬀuse reﬂector. The side facets are painted black to absorb incident
scintillation photons. This improves the accuracy of the reconstructed position of
the generation point, especially close to the side faces. CsI(Tl) is the ﬁrst choice
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as a scintillator, because it has a high light yield, it is not hygroscopic, thus easy
to handle and the spectrum of the scintillation photons covers an energy range for
which the SDD quantum eﬃciency can reach a maximum value. Drawbacks are
the relatively long decay times of the generated scintillation light and the afterglow.
LaBr3(Ce) is a faster scintillator with a similar light output, but the SDD has a
lower quantum eﬃciency for scintillation photon from LaBr3(Ce). It is also more
diﬃcult to handle, because it is hygroscopic. A brighter scintillator is SrI2(Eu)
with an emission maximum at 435 nm and a light yield of 115 photons/keV at 662
keV [133]. But this scintillator is also hygroscopic and can be handled only in dry
atmosphere.
The entrance window of the SDD array has been optimized for scintillation light
from CsI(Tl) and it is covered by a protective layer with a thickness of several μm,
which reduces the quantum eﬃciency of the entrance window for wavelength below
700 nm. The quantum eﬃciency is shown in Fig. 7.6 for photons incident under an
angle of 0 ◦ from the air on the left and from CsI(Tl) on the right.
Figure 7.6.: Quantum eﬃciency at room temperature for photons incident perpen-
dicular onto the ARC-Window, which is optimized for light around 500
nm, with an additional protective layer (BCB) on top with a thickness
of about 4000 nm. Photons incident from the air (on the left) and from
CsI(Tl), which is coupled with optical grease to the SDD entrance win-
dow (on the right).
The front end electronics consist of two boards with 5 application-speciﬁc inte-
grated circuits (ASICs) on each board. On each ASIC there are 8 channels with
a preampliﬁer, pole zero regulator, a Gaussian shaper with four possible shaping
times (peaking time: 1.6, 2, 4, 6 μs), a baseline holder and a peak stretcher (Fig.
7.7). The preampliﬁer gain can be set to two values, low and high gain. The value
of the high gain is twice the value of the low gain. There is also a shift register with
the possibility to set the threshold for the data acquisition, above which incoming
signals are accepted. The analog outputs of the 8 channels are multiplexed to one
single output. The analog signals are then converted into digital signals by 5 two
channel analog to digital converters (ADCs) of 214 bits. Each ADC converts the out-
put signals from two ASICs. The control signals are provided by 3 programmable
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Figure 7.7.: Schematics of the front end electronics, which is integrated onto the 8
channel ASIC, which processes the signals of 8 SDD cells.
logic devices (CPLDs) and transferred to the PC via a USB 2 interface. The front
end electronics and the data acquisition system have been developed by a group at
Politecnico di Milano and INFN Milano [134, 129].
The electronic noise is limited to a value of about ENCel = 15 electrons per SDD
cell at - 10◦C, due to a not yet optimized front end electronics and data acquisition
system.
7.2.1. Spatial and energy resolution at 60 and 122 keV
The data acquisition (DAC) threshold has been set for each SDD cell individually,
which is in the range from 200 to 350 ADC channels in low gain mode. The conver-
sion from the ADC channel number, Nch, to the number of signal electrons, Ne, is
given by [135]
Ne = Nch · 1
g
(7.1)
where g ≈ 3.41 is in the low gain and g ≈ 6.82 in the high gain mode. Thus
the DAC threshold is in the range from 60 to 100 electrons. In order to reduce
events generated by electronic noise, only events are accepted, where at least 3
SDD cells register signal electrons above DAC threshold. To reduce ballistic deﬁcit
measurements have been performed with the maximal available peaking time of 6
μs, which corresponds to a shaping time of about 3 μs. This results into a ballistic
deﬁcit of about 20 % for scintillation light from CsI(Tl).
Fig. 7.8 shows drawings of the two measurement setups.
The detected number of signal electrons in each SDD cell after the interaction
of a 59.5 keV γ-ray photon with the CsI(Tl) scintillator is presented in Fig. 7.9.
Several SDD cells register a signal above the DAC threshold. The maximal number
of signal electrons registered in one SDD cell is about 120.
The reconstruction for the lateral interaction positions of γ-rays with the scintilla-
tor is ﬁrst calculated with the center of gravity method from the measured response
(Fig. 7.9) of the 77 SDD cells, yielding (xS,yS). Then the values of the measured
response are compared with results from Monte Carlo simulations within a grid of
± 1 mm around (xS,yS) and the whole scintillator thickness of 5 mm. A range of
± 1 mm around (xS,yS) has been chosen to limit the calculation time. The re-
sponse of the 77 SDD cells has been simulated for scintillation photons propagating
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Figure 7.8.: Drawing of the measurement setup. The 4 holes in the lead (Pb) colli-
mator have a diameter of 0.5 mm and are located at the corners of a
square with 4 mm side length. The one hole Pb collimators have a hole
diameter of 2 mm. The pinhole in the tungstate (W) plate is 0.22 mm
in diameter.
Figure 7.9.: Measured response of the 77 SDD cells in number of signal electrons
after the interaction of a 59.5 keV γ-ray photon. The drawing of the
measurement setup is illustrated in Fig. 7.8 b.
isotropically from the positions deﬁned by the grid with a step size of 100 μm in x,
y and 500 μm in z direction. The 3 dimensional position of the interaction point,
pr(xr,yr,zr), is determined by searching the minimum of
argminp(x,y,z)
(
77∑
i=1
|Ai − Ai,sim,p|
)
→ pr (7.2)
where p is the positions inside the raster around (xS,yS), Ai the measured and
Ai,sim,p the simulated number of generated signal electrons inside the SDD cell i.
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Figure 7.10.: Image of the 241Am (on the left) and 57Co source (on the right) in the
4 hole collimator conﬁguration illustrated in Fig. 7.8 a.
Histograms of the reconstructed interaction points (xr, yr) of γ-rays from a 241Am
(on the left) and a 57Co source (on the right) inside the scintillator CsI(Tl), are
illustrated in Fig. 7.10 for the setup with the 4 hole collimator (Fig. 7.8 a). The
diameter of the sources are 1 mm for 241Am and 4 mm for 57Co. The image of
Fig. 7.10 on the right, results after irradiation with a 57Co source and has more
events originating from electronic noise, than the image of Fig. 7.10 on the left,
because of a much lower activity of the 57Co source. The events detected close to the
scintillator side surfaces originate most probably from the interaction with γ-rays,
which passed the Pb collimator (	 = 30 mm) and interacted with the scintillator
close to its side face. Also positions of events are reconstructed in this area where xr
and yr coordinates are outside the 77 cell array. If the reconstruction is performed
with the center of gravity method only, the reconstructed positions of events close
to the scintillator border are shifted relatively to the real position into the direction
of the detector center. The reason why there are no events at the border of the
scintillator is that xr or yr has a maximum distance of 1 mm to xs or ys.
Histograms of the coordinates, xr and yr, of the reconstructed interaction points
for the measurement setup with the pinhole with a diameter of 0.22 mm (Fig. 7.8 b)
are presented in Fig. 7.11. The FWHMs of the Gaussian ﬁts through the histograms
yield a spatial resolution of about R˜ ≈ 1.1 mm for the irradiation with the 241Am
and 57Co sources. The total spatial resolution, R˜, is larger than the intrinsic spatial
resolution, R˜i, of the detector, due to the additional contribution of the source,
collimator and scintillator geometry and distances.
Fig. 7.12 shows additionally the depth of the interaction point of incident γ-rays
with the scintillator. γ-rays from 241Am and 57Co sources have mainly the energies
E = 59.5 keV and 122 keV. Approximately all of the incident γ-rays with an energy
of 59.5 keV are absorbed within the ﬁrst 2 mm of the CsI(Tl) scintillator in contrast
to γ-rays with an energy of 122 keV, which are absorbed over the whole scintillator
thickness of 5 mm.
The relative energy resolutions for γ-rays with an energy of 59.5 keV (241Am),
88 keV (109Cd) and 122 keV (57Co) determined from measurements are R(59.5 keV)
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Figure 7.11.: Image of the 241Am (on the left) and 57Co source (on the right) in the
pinhole conﬁguration illustrated in Fig. 7.8 b.
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Figure 7.12.: Reconstructed interaction points in three dimensions for 241Am on the
left and 57Co source on the right. γ-rays of the 57Co source penetrate
deeper into the CsI(Tl) scintillator illustrated in Fig. 7.8 b.
= 0.33 - 0.37, R(88 keV) = 0.31 - 0.34 and R(122 keV) = 0.36 - 0.41. The measured
spectra of 241Am, 109Cd and 57Co are illustrated in Fig. 7.13 and 7.14. The photo
peak generated by the 122 keV photons (57Co) is not Gaussian like. The reason
for this deviation is discussed later in this section. In Fig. 7.13 there are partially
visible peaks at lower energies than the photo peaks at 59.5 and 88 keV. In case
of the spectrum generated by the 241Am source the partially visible peak belongs
to the escape peak and in case of the irradiation with 109Cd it is the photo peak
generated by the 22 keV γ-rays of the 109Cd source. Fig. 7.14 shows the total pulse
height distribution, if the detector is irradiated with a 57Co source. Aside from the
photo peak generated by the 122 and 136 keV γ-rays, there is also a shoulder or a
peak at lower energies, which originates most probably from Pb X-ray ﬂuorescence
photons from the Pb collimator (75 keV) and γ-rays interacting close to the side
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Figure 7.13.: Measured pulse height distribution for the irradiation of the detector in
the measurement setup illustrated in Fig. 7.8 (b) with 241Am (on the
left) and 109Cd (on the right).
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Figure 7.14.: Histogram on the left: measured pulse height distribution for the irra-
diation with 57Co in the measurement setup illustrated in Fig. 7.8 b.
Histogram on the right: measured pulse height distribution for the ir-
radiation with 57Co and a similar measurement setup, but without the
pinhole. The source is 10 mm closer to the detector. Also the gain of
the preampliﬁer is 0.5 times the gain of the left histogram.
faces of the scintillator, where a large number of scintillation photons are absorbed,
due to the black coating. Also the high threshold for signal acceptance alters the
shape of the spectrum. Measured results of the spatial resolution for γ-rays with an
energy of 59.5 keV and the energy resolution for γ-rays with energies of 59.5 keV,
88 keV and 122 keV for the system 77 cell SDD array + 5 mm thick CsI(Tl) are
presented for the ﬁrst time in this work.
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7.2.2. Results of the spatial and energy resolution from
Monte Carlo Simulations
Results from Monte Carlo simulations with Geant4, where the response of the de-
tector inside its measurement setup (Fig. 7.8) have been reproduced, are shown in
the following.
The equivalent noise charge of the electronic noise has been set for each SDD cell
to ENCel = 15 electrons, which has been determined from measurements. γ-rays
are generated on a disc with a diameter as the real sources, 	(241Am) = 1 mm and
	(57Co) = 4 mm, and the photon momentum direction covers a solid angle of 11.5◦
to the normal of the disc surface. In the measurement setup this solid angle is larger.
Increasing the solid angle in the simulations leads to a much higher calculation time.
We made a compromise with the value of 11.5◦. The top surface of the scintillator
has been set polished. It is covered with a diﬀuse reﬂector. Its reﬂectivity has been
set to 0.98 as in the simulations of the single SDD cell + CsI(Tl). The sides of
the scintillator are set to absorb each incident photon, in order to reproduce the
property of the black paint on the side faces of the scintillator.
In our simulations, we made the approximation that all 77 SDD cells have the
same electronic noise value, ENCel = 15 electrons, and also the same DAC threshold,
which has been set to 205 ADC channels for γ-rays of 59.5 keV and to 250 ADC
channels for γ-rays of 122 keV in the low gain mode. This corresponds to a DAC
threshold of 60 and 73 electrons.
To include the contribution of the CsI(Tl) light yield non-proportionality into the
Geant4 simulations of the total detector response in the energy range 59.5 to 122 keV,
the following approximation has been made. The number of scintillation photons,
Nph = E ·L for a certain light yield L, is generated with a probability distribution
given by a Gaussian distribution with an adjustable standard deviation, σ(Nph).
To match the value of the simulated to that of the measured energy resolution
for the detector consisting of one SDD cell coupled to CsI(Tl) for energies around
75 keV, the distribution of the number of scintillation photons is approximated
by a Gaussian distribution with the standard deviation, σ(Nph) = rintr ·
√
Nph,
where rintr = 2.34. The relative variance is v(Nph) = r2intr/Nph. The intrinsic
contribution to the total energy resolution is then Rintr = 2.35·
√
r2intr/(L(E) · E),
which replaces RFano−CsI(T l) and RT in formula 6.34. Inserting v(Nph), Nph and the
system quantum eﬃciency, η, into Eq. B.29 leads to the total variance of the number
of signal electrons. With the value of the variance of signal electrons, the total energy
resolution determined by Monte Carlo simulations, Rsim, is approximated by
Rsim ≈
√
R2intr +R
2
η +R
2
Bino,η +R
2
el, (7.3)
where RBino,η = 2.35
√
(1− η)/N e, Rel = √ncells ·Rel,cell, ncells is the number of SDD
cells recording a signal above data acquisition threshold and Rel,cell is the electronic
noise of one SDD cell. Fig. 7.15 shows the values of
√
R2Fano +R
2
T +R
2
Bino and√
R2intr +R
2
Bino,η in the energy range 25 to 150 keV with a deviation of less than 14
% in the energy range 60 to 122 keV.
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Figure 7.15.: Energy resolution without the contributions of Rη and Rel calculated
with Eq. 6.5 or 7.3. The energy resolution values illustrated by the
orange curve results from simulations of the detector response with
Geant4, where the number of scintillation photons is approximated by
a Gaussian distribution with a variance of V ar(Nph) = r2intr ·Nph.
The 57Co source is simulated by the generation of 122 and 136 keV photons with
a probability of 91 % and 9 %.
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Figure 7.16.: Measured number of SDD cells, which shared scintillation photons
(above threshold) from one event.
In Fig. 7.16 and 7.17 histograms are illustrated of the measured and simulated
number of SDDs, which registered a number of signal electrons above DAC threshold
after γ-interactions with the scintillator. A higher γ-energy generates more scintilla-
tion photons, so that the maximum number of SDD cells registering signal electrons
above DAC threshold is larger. The distributions in the histograms strongly depend
on the value of the DAC threshold. A high DAC threshold, due to a high electronic
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noise, makes these distributions more sensitive to changes of the position where
scintillation photons are generated, relative to the center of the closest SDD cell.
Simulations show that, if scintillation photons are generated above the center of a
SDD cell, the distribution in the histogram for incident γ-rays of 59.5 keV becomes
narrower and the maximum of the histogram for incident γ-rays of 122 keV shifts
to 7 SDD cells. The measured (Fig. 7.16) and simulated distributions (Fig. 7.17)
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Figure 7.17.: Simulated number of SDD cells, which shared scintillation photons
(above threshold) from one event. Photon source of 59.5 keV on the
left and 122 (91 %), 136 keV (9 %) on the right.
for 59.5 keV photons are similar. The higher bin content in the range from 3 - 9
SDD cells in the measured histogram (Fig. 7.16 third picture) compared to the
simulated histogram (Fig. 7.17 second picture) results most probably from the fact,
that a larger number of events interact closer to the center of the SDD cell in the
measurements compared to the simulations.
The energy dependent light yield for CsI(Tl), used in these simulations, is the same
as the light yield used for the simulations of the system single SDD cell coupled to
CsI(Tl). The reconstructed interaction points of γ-rays with energies of 59.5 keV
or 122 + 136 keV incident onto the detector in the measurement setup, illustrated
in Fig. 7.8 (b), is shown in Fig. 7.18. The spatial resolutions are ≈ 1.1 mm for
γ-rays with energies of E = 59.5 keV and 0.9 mm for E = 122 keV, 136 keV. For
photons of E = 59.5 keV the result from simulation is in good agreement to the
measured value presented in Sec. 7.2.1. The spatial resolution for higher energies is
slightly better for the simulated compared to measured values. In order to determine
the intrinsic resolution of the detector, the position of the source, which generates
γ-rays, has been set to a ﬁxed point and the momentum of the incident γ-rays is
perpendicular to the scintillator surface. This leads to an intrinsic spatial resolution
of R˜i ≈ 1.1 mm for E = 59.5 keV and 0.5 mm for E = 122 keV, 136 keV. There is
no improvement of the spatial resolution at E = 59.5 keV, because of the low signal
to DAC threshold.
The interaction depth of γ-rays inside the scintillator can be determined by a
three dimensional reconstruction algorithm presented in Sec. 7.2.1. The recon-
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Figure 7.18.: Reconstructed images from simulations generated by the irradiation of
the detector in the measurement setup illustrated in Fig. 7.8 (b) with
γ-rays of 59.5 keV (on the left) and 122 (91 %) + 136 keV (9 %) (on
the right).
x [mm]0
5 10
15
20
25
30y [mm]
0
5
10
15
20
25
30
z 
[m
m
]
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
x [mm]0
5 10
15
20
25
30y [mm]
0
5
10
15
20
25
30
z 
[m
m
]
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
Figure 7.19.: Reconstructed 3 dimensional images from simulations generated by the
irradiation of the detector in the measurement setup illustrated in Fig.
7.8 (b) with γ-rays of 59.5 keV (on the left) and 122 (91 %) + 136 keV
(9 %) (on the right).
structed interaction points in three dimensions are illustrated in Fig. 7.19. This is
also in a good agreement with the reconstructed image from the measured detector
response in Fig. 7.12 for the same measurement setup and detector parameters.
The knowledge of the interaction depth could be used to determine the direction of
γ-rays incident under a cetrain angle into the scintillator and to improve the spatial
resolution.
The results of the energy resolution from simulations are R(59.5 keV) ≈ 0.37 (Fig.
7.20 on the left) and R(122 keV) ≈ 0.38 (Fig. 7.20 on the right), which are in good
agreement with the result from the measurement presented in Sec. 7.2.1.
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Figure 7.20.: Results of the pulse height distribution from simulations generated by
the irradiation of the detector in the setup with the pinhole conﬁgura-
tion shown in Fig. 7.8 (b) with 59.5 keV (on the left) and 122 (91 %)
+ 136 keV (9 %) (on the right).
The diﬀerences of the measured and simulated spectra for 122 keV γ-rays orig-
inates most probably from the fact that the energy resolution is very sensitive to
the position, where scintillation photons are generated, relative to the center of the
closest SDD cell. Contributions to the shoulder on the low energy side of the photo
peak generated by the 57Co source in the measured spectrum in Fig. 7.14 originate
most probably from ﬂuorescence photons from the Pb collimator and from γ-rays
interacting with the scintillator close to the side faces, where a large fraction of
scintillation photons hit the SDD surface outside of the active area, generating a
lower signal amplitude.
Fig. 7.21 shows the contributions of RFano, RT , Rη, RBino and Rel and their sum,
Rsum, to the energy resolution, if the eﬀect of the loss of signal electrons, due to
ballistic deﬁcit and the DAC threshold, is not included in the calculations. RT ,
RBino and Rel are the main contributions, because of the low quantum eﬃciency of
the system, which is about η ≈ 0.32 for scintillation photons and the large electronic
noise of ENCel ≈ 15 electrons. The values of Rsum are much lower than the measured
and simulated total energy resolution, R, due to the fact, that the loss of a large
number of signal electrons, because of the DAC threshold, has not been taken into
account. This contribution to the energy resolution and is examined in the following.
Fig. 7.22 shows the fraction of absorbed γ-rays in certain depths inside the CsI(Tl)
scintillator. Almost all photons with an energy of 59.5 keV are absorbed within the
ﬁrst 1.5 mm of CsI(Tl). About 65 % of the photons with an energy of 122 keV are
absorbed within the ﬁrst 1.5 mm of CsI(Tl). The interaction depth of γ-rays inside
the scintillator, hence the generation depth of scintillation photons inside the CsI(Tl)
scintillator, is important, due to the fact, that the distribution of the scintillation
photons over the SDD cells depends on their generation depth.
Fig. 7.23 shows the simulated response of the 77 SDD cells at two generation
depths inside CsI(Tl) for 122 keV γ-rays with the DAC threshold set to 0. The
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Figure 7.21.: Contributions to the energy resolution of the 77 cell SDD array coupled
to the 5 mm thick CsI(Tl) scintillator. The contribution of RT has been
determined in Sec. 6.2.1. Rel =
√
ncellsRel,cell with ncells = 12 SDD
cells and Rel,cell the electronic noise contribution of one SDD cell with
ENCel = 15 electrons.
Figure 7.22.: Absorbed fraction of incident photons in certain depths inside CsI(Tl).
number of SDD cells recording signal electrons is larger, if the generation depth
of scintillation photons is close to the top scintillator surface in a depth of 0.05
mm (Fig. 7.23(a)) compared to 2.55 mm (Fig. 7.23(b)). Furthermore the signal
amplitude is about twice as large, if scintillation photons are generated in a depth
of 2.55 mm compared to 0.05 mm from the top scintillator surface. In a generation
depth of 0.05 mm the maximum number of detected signal electrons per SDD cell is
about 250, if an energy of 122 keV is deposited inside the CsI(Tl) scintillator. The
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(a) Energy deposition at 0.05 mm depth. (b) Energy deposition at 2.55 mm depth.
Figure 7.23.: Simulated amount of signal electrons detected by each SDD cell after
the deposition of 122 keV. Electronic noise is included.
data acquisition threshold is set to 73 electrons, so that a large amount of the signal
falls below this threshold.
The mean quantum eﬃciency for scintillation photons is η ≈ 0.32. If the loss
of signal electrons, due to ballistic deﬁcit and DAC threshold, is not taken into
account, the mean number of signal electrons is N e = E · L(E) · η ≈ 1390 and
2690 scintillation photons, if an energy of 59.5 keV and 122 keV is deposited inside
CsI(Tl). Due to the ballistic deﬁcit and DAC threshold a fraction of about 0.5 of
the generated signal electrons is lost.
Fig. 7.24 on the left shows the shift of the mean number of signal electrons as a
function of the generation depth of scintillation photons. The mean number of signal
Figure 7.24.: Mean number of signal electrons (on the left) and energy resolution (on
the right) as a function of the generation depth of scintillation photons
inside CsI(Tl). At 5 mm, there is the interface of CsI(Tl) to the optical
coupler.
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electrons, generated after the deposition of 59.5 keV, remains almost constant, if the
generation depth of scintillation photons is changed. In contrast to that, the mean
number of signal electrons generated after the deposition of 122 keV decreases from
1700 to values close to 1250, if the generation depth increases above 2 mm. This
leads to a relative broadening by about 450/1475 ≈ 0.31. This value in combination
with the maximum value of the energy resolution, which is shown in Fig. 7.24 on
the right (red points), add up to a total energy resolution of about 0.36. For 59.5
keV the large contribution to the energy resolution originates from the large value of
the energy resolution of R = 0.37, if scintillation photons are generated close to the
scintillator top face (green points in Fig. 7.24 on the right), due to the small signal
to noise ratio at that position, because of the distribution of scintillation photons
over a larger number of SDD cells compared to positions closer to the SDD surface.
In Fig. 7.25 the mean number of SDD cells, which record a signal above thresh-
old during one event, and its standard deviation times 2.35 (approximation to the
FWHM of a Gaussian peak) are plotted against the generation depth of scintillation
photons. Up to 2.0 mm depth, there is a large diﬀerence in the number of SDD cells
recording a signal after the interaction of 59.5 and 122 keV γ-rays with the CsI(Tl)
scintillator. At a depth of 0.05 mm the mean number of SDD cells recording a signal
Figure 7.25.: Mean number of SDD cells, which record a signal above threshold and
its standard deviation expressed in rms.
is about 7.5 respectively 12. In contrast to that, its standard deviation times 2.35
is about 3 respectively 2. Although the signal is distributed over a larger number
of cells, if an energy of 122 keV is deposited compared to 59.5 keV, the standard
deviation is smaller, due to a larger signal to noise ratio per SDD cell. This leads
to a narrower variance of the number of signal electrons, hence to a better energy
resolution in a certain depth, if an energy of 122 keV is deposited compared to 59.5
keV.
If the electronic noise value is reduced from ENCel = 15 to 4 electrons and the
DAC threshold from 60 or 73 to 16 electrons, the mean number of signal electrons
decreases only slightly with an increasing generation depth of scintillation photons
for incident γ-rays of 59.5 keV and 122 keV (Fig. 7.26 on the left). The larger
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Figure 7.26.: Mean number of the detected signal electrons and the energy resolution
as a function of the generation depth of scintillation photons for an
electronic noise is ENCel = 4 electrons and a scintillator thickness of
5 mm.
signal to noise ratio and lower DAC threshold improves the energy resolution and
its dependence on the generation depth of scintillation photons (Fig. 7.26 on the
right).
Figure 7.27.: Energy and spatial resolutions for two electronic noise values and
CsI(Tl) scintillator thicknesses.
Fig. 7.27 shows the results for the intrinsic spatial and energy resolution for
incident photons with energies of E = 59.5 and 122 keV and CsI(Tl) thicknesses
of d = 5 mm (QE = 1 up to 100 keV) and 3 mm (QE = 1 up to 80 keV) for
ENCel = 4 (DAC = 16 e−) and 15 (DAC = 60; 73 e−) electrons. A reduction of
the CsI(Tl) thickness from 5 to 3 mm improves the energy and spatial resolution,
which is very large for γ-rays with an energy of E = 59.5 keV, if the electronic noise
is ENCel = 15 electrons. A reduction of the electronic noise from ENCel = 15 to
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4 electrons, improves strongly the relative energy resolution and spatial resolution.
This improvement is the largest for the relative energy resolution at 122 keV.
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Figure 7.28.: Simulated spectra after irradiation of the scintillator with photons of
E = 59.5 keV (on the left) and 122 keV (Intensity = 91 %) + 136
keV (Intensity = 9 %) (on the right). The standard deviation of the
electronic noise is set to ENCel = 4 electrons with a DAC threshold of
16 electrons and a scintillator thickness of 3 mm.
Fig. 7.28 shows the simulated spectra for the 3 mm thick CsI(Tl) scintillator for
incident photons of E = 59.5 keV and 122 keV (91 %) + 136 keV (9 %).
The parameters of the detector during measurements are now recapitulated: The
CsI(Tl) thickness is d = 5 mm, all CsI(Tl) faces are polished, the CsI(Tl) side faces
are painted with an absorptive coating, the reﬂector is Millipore paper, the standard
deviation of the electronic noise is ENCel = 15 electrons and the DAC threshold is
in the range from 60 to 100 electrons. In order to ﬁnd parameters, which improve
the detector performance, we examined the inﬂuence of the following modiﬁcations
by simulations: a) Painting the scintillator top face with a diﬀuse reﬂector with the
same reﬂectivity of 0.98; b) Reduction of the scintillator thickness from 5 mm to 3
mm; c) Reduction of the electronic noise value from ENCel = 15 to 4 electrons.
Option a) increases the system quantum eﬃciency for scintillation photons (from
η ≈ 0.32 to η ≈ 0.44 for dCsI(T l) = 5 mm). For dCsI(T l) = 3 mm the diﬀuse reﬂector
yields a value of η ≈ 0.55. It also increases the spatial distribution of scintillation
photons over a larger number of SDD cells at the same time, so that the electronic
noise of a higher number of SDD cells is collected. It improves the energy and spatial
resolution for ENCel = 15 at E = 59.5 keV.
Options b) and c) improve the energy and spatial resolution the most (Fig. 7.27).
Reducing the electronic noise from a value of ENCel = 15 to 4 electrons, enables the
reduction of the DAC threshold. A value of ENCel = 4 has been determined from
measurements of slightly larger circular SDD cells with an area of 10 mm2, read out
by the standard electronics for one cell SDDs.
We have shown in these sections that we can reproduce the measured results of the
spatial and energy resolution by Monte Carlo simulations. Results from simulations
with diﬀerent detector parameters indicate, that there is much room to improve the
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performance of the 77 cell SDD array + CsI(Tl) detector, mostly by reducing the
electronic noise from the data acquisition hardware. This would yield a γ-camera
with a good energy resolution and a sub millimeter spatial resolution in the range
60 to 122 keV.
7.3. pnCCD + CsI(Tl) camera for X- and γ-rays
The pn-junction Charged Coupled Device (pnCCD) is a silicon pixel detector. As
for SDDs, its working principle is based on sideward depletion. The pnCCD enables
measurements with a very good energy, spatial and timing resolution in the energy
range from 100 eV up to several 10 keV, but with a decreasing quantum eﬃciency for
X-rays above 10 keV. The pnCCD bulk is fully depleted by applying a high negative
voltage to the back contact and a lower negative voltage to the registers on the front
side relative to the substrate (Fig. 7.29). The voltages are adjusted in a way, that
generated electrons inside the bulk propagate towards the potential minimum close
to the storage registers, which have a distance of about 7 μm from the front side of
the pnCCD [136] (Fig. 7.29). The registers are formed by pn-junctions on the front
side of the detector. Voltages Φ1, Φ2 and Φ3, are applied to the registers, in such
an order that every third register has the same voltage. This forms a regular grid of
potential minima parallel to the front side of the pnCCD [136] (Fig. 7.29). In regular
Figure 7.29.: Block diagram of a pnCCD with two pixels, taken from [136].
time intervals all the potential valleys are transferred laterally in the direction of the
anodes, located at one side of the pnCCD. This is realized by changing sequentially
the voltages, Φ1, Φ2 and Φ3, on the transfer registers. The content of the pixels
in one column is readout in series. The rows are readout in parallel. The anodes
are connected to an on-chip JFET. The integration of the ﬁrst JFET enables a low
noise and fast readout, due to the small capacitance. A readout rate up to 1 kHz
can be achieved. The number of readouts per column is variable. Reducing its
number, reduces also the electronic noise from the readout process. A reduction
of the number of readouts is equivalent to a reduction of the number of pixels per
column, which leads to larger pixels. The electronic noise per pixel remains almost
constant, due to a very low leakage current inside the pnCCD. With the reduction
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of the number of readouts the electronic noise per pnCCD area can be reduced. A
detailed description of the pnCCD and its operation can be found in [136].
pnCCDs with pixel sizes between 50 to 300 μm have been fabricated. The spatial
resolution is in the order of the pixel size or less. The quantum eﬃciencies of
SDDs (Sec. 5) and pnCCDs are equal, because they have the same thickness and
compositions of the entrance window. Coupling a scintillator onto the backside
of the pnCCD, while irradiating the detector from the front side (see Fig. 7.30),
extends the energy range of the pnCCD to 100 keV and higher. Up to now there
are no γ-cameras with a good spatial and energy resolution and a high quantum
eﬃciency in the energy range from 1 to 150 keV. In this section we are investigating
the response of a pnCCD + CsI(Tl) detector in the energy range from 1 to 150 keV
by Monte Carlo simulations.
Recently pnCCDs have been utilized as an excellent detector for X-ray diﬀraction
experiments. It has been used as a low noise and fast readout X-ray camera for
experiments at free electron lasers. The solid state group at the University of Siegen
uses the pnCCD as a detector for white synchrotron radiation in the spectral range
from 5 to 40 keV. In these experiments the radiation hits the sample in one shot
and generates a diﬀraction pattern on the pnCCD, which is positioned at a certain
distance from the sample. From this diﬀraction pattern, the reciprocal lattice and
the crystal lattice in real space coordinates can be reconstructed. Energies up to
200 keV can be generated inside synchrotron beam lines with bending magnets.
The quantum eﬃciency for 450 μm thick pnCCDs and SDDs decrease exponentially
for increasing X-ray energies above 10 keV. To exploit the energy range up to 200
Figure 7.30.: Schematics of the direct and indirect detection mode of the detector
pnCCD + scintillator.
keV with pnCCDs, a scintillator has to be coupled onto the back side of it and the
pnCCD has to be used as a photodetector for scintillation light.
To maintain the good spatial (pixel and sub pixel resolution) and energy resolution
of the pnCCD in the energy range 1 to several 10 keV the radiation has to enter the
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pnCCD + scintillator detector from the pnCDD side (Fig. 7.30) to take advantage
of the direct detection mode (Fig. 7.30). Most of the photons are interacting inside
the pnCCD up to 15 keV (Fig. 7.31 violet line). Photons with higher energies are
mainly absorbed inside the CsI(Tl) scintillator (Fig. 7.31 green line). Furthermore
the probability for photo eﬀect to occur inside the pnCCD decreases and becomes
equal to that of Compton scattering around 50 keV (Sec. 2.1.1). This reduces the
fraction of events generated by the photo eﬀect to the total number of events inside
the pnCCD at larger energies.
The scintillator on the back side of the pnCCD increases the system quantum
eﬃciency (Fig. 7.31 black curves) and also the probability for photo eﬀect rela-
tive to Compton scattering, due to the higher Z and density of the CsI scintillator
material compared to Si. For CsI and LaBr3 the probabilities for photo eﬀect and
Compton scattering are equal close to 200 keV (Sec. 2.1.1). In indirect detection
mode (Fig. 7.30) the deposited energy inside the scintillator leads to a spread of
the signal electrons over several pixels. The position of the interaction is calculated
by the center of gravity method. The energy resolution in indirect detection mode
suﬀers most from the loss of a large number of scintillation photons, due to the light
collection eﬃciency and the distribution of signal electrons over a large number of
pixels, which increases the electronic noise of the total signal by summing up the
noise of all individual pixels.
Figure 7.31.: Quantum eﬃciency of the pnCCD without any losses at its entrance
window, the 0.7 mm thick CsI crystal and the combined system pnCCD
+ CsI(Tl).
Fig. 7.31 shows that the quantum eﬃciency for a pnCCD + CsI(Tl) detector
with scintillator thicknesses of 0.7 mm and 1 mm. It is still above 0.5 at 100 keV
and above 0.1 at 200 keV. Also for the Anger camera consisting of a pnCCD +
scintillator as for the SDD array + scintillator, CsI(Tl) is the optimum scintillator
for a prototype detector for practical reasons (see Sec. 7.2).
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The most important requirements of the combined detector system in indirect
detection mode, where the pnCCD serves as a photodetector for the scintillation
light, are the following: The spatial resolution should be similar or better compared
to that in direct detection mode, which is in the order of the pixel size. The energy
resolution should be suﬃciently good to enable a discrimination of the energies
inside the Laue spots. These energies fulﬁll the Bragg condition or result from pile
up events [137]. In both cases events are recorded with energies resulting from the
multiplication of an integer to the ﬁrst order Bragg energy. The Bragg condition for
a crystal is fulﬁlled for photons with the energies
En = n
2πc
2dsinθ
≈ n 39
d[A˚]sinθ
[keV], (7.4)
with n an integer,  the Planck constant, c the velocity of light, d the distance
between adjacent crystal planes and θ the angle between the propagation direction
of the incident photon to the crystal surface. The energy resolution should be
suﬃcient to enable a discrimination of the energies En and En+1. For an increasing
distance of the crystal planes and the angle θ the energy En decreases. E.g. inserting
the lattice spacing of iron, which is 2.8 Å and an angle of θ = 45◦ into Eq. 7.4 results
into En ≈ n · 20 keV.
Reducing the electronic noise, improves the resolution. The pnCCD has to be
cooled to reduce the electronic noise from the leakage current. But due to the fact,
that a decreasing temperature leads to a reduction of the light yield of CsI(Tl),
the pnCCD + CsI(Tl) detector has to be cooled down to temperatures, where the
light yield of the CsI(Tl) scintillator is still high enough to enable imaging and
spectroscopy at the same time. The electronic noise of the 75 x 75 μm2 pnCCD per
pixel as a function of the temperature is illustrated in Fig. 7.32 on the left. At - 10◦C
Figure 7.32.: Electronic noise of a 75 x 75 μm2 pixel pnCCD plotted against temper-
ature (on the left). Light yield dependency of CsI(Tl) on temperature
taken from S. Gobain crystals (on the right).
the electronic noise value is ENCel = 5.5 electrons and it drops below 3 electrons
for temperatures ≤ - 35◦C. We measured a decrease of the light yield of CsI(Tl)
by about 10 %, if the temperature is decreased from room temperature to - 20◦C.
Fig. 7.32 on the right shows the dependency of the light yield of CsI(Tl) on the
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temperature [69]. A compromise between a high light yield and low electronic noise
could be reached at a detector temperature of about - 20◦C, where the light yield
of the CsI(Tl) scintillator is still 90 % compared to its value at room temperature
and the electronic noise per pixel is ENCel ≈ 3.8 electrons.
Crucial for the energy resolution in the indirect mode is also the number of read-
outs. pnCCDs with pixel sizes of 75 x 75, 75 x 300 and 300 x 300 μm2 have been
investigated by simulations. The number of readouts of the pnCCD can be reduced.
This is equivalent to an on chip binning in one direction, which leads to a decrease
of the electronic noise per area. With this procedure a pixel size of 75 x 300 μm2
can be realized by binning the number of signal electrons of a pnCCD with a pixel
size of 75 x 75 μm2 from 4 pixels in the readout direction.
In order to determine the optimal parameters for the Anger camera, consisting of
a pnCCD + CsI(Tl), Monte Carlo simulations have been performed of the detector
response for diﬀerent sets of parameters, including scintillator thickness, light yield,
reﬂector type, pnCCD pixel size and electronic noise.
Figure 7.33.: Measured (red curve) and simulated spectrum (black curve) with of a
SDD irradiated with an 241Am source or with photons of the energy
59.5 keV. The peaks, which are not labeled, originate from the 241Am
source or from ﬂuorescence photons from the Pb collimator.
The excellent performance of the pnCCD in direct detection mode degrades with
increasing energies, due to a decreasing quantum eﬃciency and ratio of the photo
eﬀect to Compton scattering. Fig. 7.33 shows a measured spectrum with an SDD
of an 241Am source and a simulated spectrum for incident γ-rays with an energy of
59.5 keV. The spectral response of SDDs and pnCCDs are similar. The simulated
spectrum reproduces the measured spectrum well, except for the shoulder on the
left side of the photo peak. Simulations indicate that a charge collection eﬃciency
less than 1 at the front side of the detector with a thickness of several μm could
cause such a shoulder on the low energy side of the photo peak.
Fig. 7.34 shows two simulated spectra of the direct detection of γ-rays with an
energy of 50 keV and 100 keV inside the pnCCD with the system pnCCD + CsI(Tl).
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Figure 7.34.: Simulated spectrum in the direct detection mode for pnCCD (0.45 mm)
+ optical pad (0.1 mm) + CsI (1 mm) for 50 and 100 keV photons.
The pnCCD is coupled to a 1 mm thick CsI(Tl) crystal with a 100 μm thick optical
pad. These spectra contain additional ﬂuorescence peaks from the relaxation of
the excited Cs and I atoms inside the scintillator. Fluorescence photons, which are
generated inside the scintillator, can escape and can be absorbed with a certain
probability inside the pnCCD. In Fig. 7.35 the fraction of events generated by
Figure 7.35.: Simulated relative intensities of events generated by the photo eﬀect and
Compton scattering inside the pnCCD and ﬂuorescence photons from
the CsI(Tl) scintillator to the total number of events detected in the
direct detection mode of the pnCCD + optical pad + CsI(Tl) system.
photo eﬀect and Compton scattering inside the pnCCD and ﬂuorescence photons
from the CsI(Tl) scintillator to the total number of directly detected X- or γ-rays are
presented for 50, 100 and 150 keV. The number of events from Compton scattering
increases and that from photo eﬀect decreases with increasing γ-energy as expected
from their cross section in Si (see Fig. 2.1). The fraction of detected ﬂuorescence
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photons increases slightly with increasing energy from 50 to 100 keV, because a
larger fraction of γ-photons reaches the scintillator without any interaction inside
the pnCCD at higher energies. From 100 keV to 150 keV the fraction of detected
ﬂuorescence photons decreases, because a larger ratio of incident photons penetrates
deeper into the scintillator, from where ﬂuorescence photons reach the pnCCD with
a lower probability. The fraction of ﬂuorescence photons is larger than the fraction
of events from photo eﬀect in the energy range 50 to 150 keV. For γ-energies E > 50
keV the quantum eﬃciency is smaller than 0.05 and the probability for photo eﬀect
becomes also smaller compared to the number of events from Compton scattering in
silicon. The quantum eﬃciency for the detection of events generated by the photo
eﬀect is about 0.01 for 50 keV and 0.001 for 100 keV γ-ray photons respectively. The
number of incident photons has to be large enough to detect suﬃcient photons inside
the photo peak for an evaluation of the γ-ray energy. The background is generated
mainly by ﬂuorescence photons and events from Compton scattering. The knowledge
of the exact energy of the ﬂuorescence peaks can be used to attribute these events
to γ-rays, which interacted inside the scintillator.
For a high number of detected events the relative energy resolution of the system
pnCCD + CsI(Tl) determined in direct detection mode (R ≈ 0.01) is more than an
order of magnitude better compared to the indirect detection mode.
Figure 7.36.: Fraction of absorbed γ-rays in intervals of 50 μm inside a 1 mm thick
CsI(Tl) scintillator.
Depending on the γ-energy the number of photons interacting inside a certain
depth range of the scintillator follows from Beer-Lamberts law. For 22, 59.5 and
122 keV photons the absorbed fractions of photons inside intervals of 0.05 mm in
CsI are illustrated in Fig. 7.36. For energies below 50 keV most of the photons are
absorbed in the ﬁrst 300 μm inside CsI(Tl), whereas larger energies are absorbed
more uniformly inside the 1 mm thick CsI(Tl) scintillator. Because of that, it is
important to know the distribution of scintillation photons over the pnCCD pixels
as a function of their generation depth.
The quantum eﬃciency of the pnCCD for scintillation light is set to the same
values as for the single SDD cell, which has been coupled to CsI(Tl) (see Fig. 5.13).
Fig. 7.37 shows the distribution of scintillation photons, generated inside a 0.7
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Figure 7.37.: Simulated distribution of signal electrons inside the pixels with an area
of 75 x 300 μm2. The electronic noise is ENCel = 3 electrons, the light
yield L = 70 photons/keV. An energy of 100 keV has been deposited
at two depths inside the 0.7 mm thick CsI(Tl) at z = 0.05 (on the left)
and 0.25 mm (on the right) from the pnCCD surface.
mm thick CsI(Tl) scintillator, over the pnCCD pixels with the dimension 75 x 300
μm2. At two depths inside the scintillator an energy of 100 keV has been deposited.
With increasing distance to the pnCCD the same amount of scintillation photons is
spread over an increasing number of pixels. The distribution over a larger number
of pixels increases the electronic noise after summing up the signals of the pixels
above threshold. Also the number of photons, which fall below the data acquisition
threshold, increases. The standard deviations of the spatial distribution of signal
electrons inside the pnCCD for two CsI(Tl) thicknesses, 0.7 and 1 mm, and two
types of reﬂectors on top of the CsI(Tl) scintillator, are illustrated in Fig. 7.38. In
one case a diﬀuse reﬂector is positioned on top of the scintillator with an inﬁnites-
imal thin air gap in between (reﬂector 1). In the other case the scintillator surface
on top is painted with a diﬀuse reﬂective coating (reﬂector 2). The reﬂectivity is
set to 0.98 in both cases. The sides of the scintillator are painted with an absorp-
tive coating. Increasing the distance from the pnCCD surface into the scintillator
increases the standard deviation of the spatial distribution until it saturates close
to the top surface. The distribution width of scintillation photons reaches larger
values for the 1 mm compared to the 0.7 mm thick scintillator, if the generation of
scintillation photons is close to the top of the scintillator, because the photons have
to cover longer lateral distances to reach the pnCCD. The photon distribution width
is slightly larger in the center of the scintillator for the conﬁguration with reﬂector
2.
A large fraction of generated scintillation photons do not contribute to the pro-
duction of signal electrons. If the mean light yield of CsI(Tl) is 60 scintillation
photons per keV, a 100 keV γ-photon generates Nph = 6000 scintillation photons,
if the whole energy is deposited inside the scintillator. The mean number of signal
electrons, N e, results from the mean value of the light and charge collection eﬃ-
ciency, η, times Nph. For the conﬁguration with the 0.7 mm thick scintillator the
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Figure 7.38.: Standard deviation of the simulated distribution of signal electrons as a
function of the generation depth for two reﬂector types and scintillator
thicknesses.
mean numbers of signal electrons are N e ≈ 0.7·Nph = 4200 (reﬂector 2) and N e ≈
0.39·Nph = 2340 (reﬂector 1). For the conﬁguration with the 1 mm thick scintillator
the mean numbers of signal electrons are N e ≈ 0.62·Nph = 3720 (reﬂector 2) and
N e ≈ 0.39·Nph = 2280 (reﬂector 1). A large fraction of the generated scintillation
photons is not converted into signal electrons. If the number of scintillation photons
generates a signal below the data acquisition threshold, they are not taken into ac-
count. This additional loss of scintillation photons depends crucially on the number
of pixels over which they are distributed. The width of the photon distribution in
dependence on the generation depth can lead to a shift of the signal electron peak
for certain values of the electronic noise, the pixel size, the scintillator light yield
and the reﬂector type.
The energy resolution of the system pnCCD + CsI(Tl) for the case that there is
no loss of signal electrons, because of the data acquisition threshold, is illustrated
in Fig. 7.39 for the conﬁguration with reﬂector 1 (on the left) and reﬂector 2 (on
the right). The main contributions to the energy resolution are RT and RBino, if
reﬂector 1 is used and only RT , if reﬂector 2 is used. The sum of all contributions is
given by Rsum, whose value is the lowest reachable value of the energy resolution, if
no signal electrons are lost, due to a certain data acquisition threshold. Its inﬂuence
on the detector response is investigated in the following.
Fig. 7.40 presents the mean number of signal electrons, which is given by the peak
position in the simulated spectra, as a function of the generation depth of scintil-
lation photons inside CsI(Tl). Scintillation photons are generated by depositing an
energy of 100 keV at certain depths inside the CsI(Tl). Results for pixel sizes of 75
x 300 μm2 and 300 x 300 μm2 and CsI(Tl) thicknesses of 0.7 mm and 1 mm for the
pnCCD + CsI(Tl) detector are illustrated. The light yield, L, and the electronic
noise, ENCel, have been set in pairs to (50 Nph/keV , 5 e−), (60 Nph/keV , 4 e−) and
(70 Nph/keV , 3 e−). The data acquisition threshold is 4·ENCel, if not stated other-
wise. The conﬁgurations with reﬂector 1 or 2 are displayed by a solid or dotted curve
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Figure 7.39.: Contributions to the energy resolution for the conﬁgurations with re-
ﬂector 1 (on the left) and 2 (on the right), if the loss of signal elec-
trons, due to a certain data acquisition threshold value, is not taken
into account. The pixel size is 75 x 300 μm2, the CsI(Tl) scintillator
thickness is 0.7 mm, the light yield L = 60 Nph/keV and the electronic
noise ENCel = 4 electrons.
respectively (Fig. 7.40). Most of the parameter assemblies lead to a large shift of the
signal electron peak, if the generation depth of scintillation photons inside CsI(Tl)
is changed. For the detector conﬁguration with a pixel size of 75 x 300 μm2 and
reﬂector 1 applies that an increasing distance of the generation depth of scintillation
photons to the pnCCD surface, decreases the number of signal electrons, because a
higher number of scintillation photons fall below the data acquisition threshold, due
the distribution of scintillation photons over a larger number of pixels (Fig. 7.40(a)
and 7.40(c) solid curves). An exception is the conﬁguration with the 0.7 mm thick
CsI(Tl) scintillator and the light yield of 70 Nph/keV , where the number of signal
electrons is slightly increasing.
In case of the detector conﬁguration with reﬂector 2 and a pixel size of 75 x 300
μm2 (Fig. 7.40(a) and 7.40(c) dashed curves) the number of signal electrons also
decreases with an increasing distance of generation depth of scintillation photons to
the pnCCD surface for a scintillator thickness of 1 mm and light yields of 50 and 60
Nph/keV . It increases otherwise, due to the fact, that more photons are reﬂected
into a smaller number of pixels, if the generation point approaches the interface of
reﬂector 2 and the scintillator.
If the pixel size of the pnCCD is 300 x 300 μm2 the number of signal electrons in-
creases with increasing distance of the generation depth of scintillation photons from
the pnCCD surface, independent on the reﬂector type (Fig. 7.40(b) and 7.40(d)).
For a pnCCD with a pixel size of 300 x 300 μm2 the strongest increase of the mean
number of signal electrons with increasing distance of the generation depth of scin-
tillation photons to the pnCCD surface happens for the scintillator with a thickness
of 1 mm and reﬂector 2. If the scintillator thickness is 0.7 mm, simulations indicate
that the shift decreases with an increasing light yield from 50 to 70 photons per keV
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for the conﬁguration with reﬂector 2.
Five curves show a smaller shift of the signal electron peak. These are in Fig.
7.40(a) the brown (dotted), the green (solid) and the violet (solid) curves and in
Fig. 7.40(b) the violet (dotted) curve of the 0.7 mm thick scintillator and in Fig.
7.40(d) the brown (solid) curve of the 1 mm thick scintillator. The shift of the
mean number of signal electrons as a function of the generation depth, can have a
large eﬀect on the energy resolution, especially for γ-rays with higher energies, such
as 100 and 150 keV, due to the more uniform absorption of γ-rays over the whole
CsI(Tl) thickness. This leads to a degradation of the energy resolution. In case of
(a) CsI(Tl) thickness of 0.7 mm; Pixel size of 75
x 300 μm2.
(b) CsI(Tl) thickness of 0.7 mm; Pixel size of 300
x 300 μm2.
(c) CsI(Tl) thickness of 1 mm; Pixel size of 75 x
300 μm2.
(d) CsI(Tl) thickness of 1 mm; Pixel size of 300 x
300 μm2.
Figure 7.40.: Simulated mean number of signal electrons plotted against the gener-
ation depth of scintillation photons after the deposition of an energy
of 100 keV. Solid lines belong to the reﬂector 1 and dotted lines to the
reﬂector 2 conﬁguration. A threshold for data acquisition of 4·ENCel
has been set. The light yields of L = 50, 60 and 70 Nph/keV have
electronic noise values of ENCel = 5, 4 and 3 electrons respectively.
the detector with the set of parameters leading to the brown dotted curve in Fig.
7.40(a) the light yield of 50 photons per keV is too low to generate a spectrum with
a clearly distinguishable signal electron peak for γ-energies of 25 and 50 keV.
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The contribution of the intrinsic CsI(Tl) properties to the resolution is incorpo-
rated by the same approximation into the simulations as described in Sec. 7.2 with
the same parameter value for rintr.
Figure 7.41.: Energy resolution against generation depth of the scintillation photons
inside a 0.7 and 1.0 mm thick CsI(Tl) scintillator. An energy of 100
keV is deposited.
In Fig. 7.41 the energy resolution is plotted against the generation depth of
scintillation photons, which are created after an energy of 100 keV is deposited
inside the 0.7 and 1.0 mm thick CsI(Tl) scintillator respectively. If the CsI(Tl)
scintillator is 0.7 mm thick, the poorest resolution occurs for the detector with a
pixel size of 75 x 300 μm2 and reﬂector 1. The resolution degrades to R = 0.24 at a
depth of 0.65 mm from the pnCCD - CsI(Tl) interface. If the CsI(Tl) scintillator is
1 mm thick, the energy resolution degrades much faster with increasing generation
depth of scintillation photons, from R ≈ 0.15 to a maximum value of 0.33 and 0.51
for reﬂector 2 and reﬂector 1 respectively and a pixel size of 75 x 300 μm2. For the
detector with the larger pixel size of 300 x 300 μm2 the energy resolution remains
in the range of R = 0.1 to 0.16.
For some detector conﬁgurations the simulated relative energy resolution in de-
pendence on the γ-energy are plotted in Fig. 7.42. Values connected with solid
lines belong to detector conﬁguration, which lead to smaller peak shifts. A decrease
of the light yield from 70 to 60 scintillation photons per keV and an increase of
the electronic noise value from 3 to 4 electrons leads to an increase of the energy
resolution, especially at 25 keV, if the pixel size is 75 x 300 μm2 (Fig. 7.42 on the
left). This eﬀect is smaller for a pixel size of 300 x 300 μm2. A larger pixel size
improves also the energy resolution at 25 and 50 keV. An increase of the scintillator
thickness has almost no eﬀect on the energy resolution (Fig. 7.42 on the right) for
a light yield of 50 scintillation photons per keV. For 100 and 150 keV the energy
resolution can be improved in some cases by setting the data acquisition threshold
to a higher value, e.g. 6·ENCel.
The spatial resolution is better for events, where scintillation photons are gen-
erated close to the pnCCD entrance window, because they are distributed over a
162
7.3. pnCCD + CsI(Tl) camera for X- and γ-rays
Figure 7.42.: Simulated relative energy resolution for the energies 25, 50, 100 and
150 keV. The threshold for data acquisition has been set to 4·ENCel.
smaller number of pixels, leading to a larger signal to noise ratio. If an energy of
100 keV is converted into scintillation photons, the standard deviation of the spatial
resolution can diﬀer by a value up to 30 μm, if scintillation photons are generated
close to the pnCCD entrance window or close to the CsI(Tl) top surface.
Figure 7.43.: Simulated spatial resolution corresponding to the energy resolutions
presented in Fig.7.42 for the energies 25, 50, 100 and 150 keV. The
threshold for data acquisition has been set to 4·ENCel.
The standard deviation of the spatial resolution, determined from a Gaussian ﬁt
over the reconstructed coordinates, as a function of the γ-energy, for the sets of
parameters with L = 50 (ENCel = 5 electrons) and L = 70 (ENCel = 3 electrons)
scintillation photons per keV, a CsI(Tl) thickness of 0.7 mm and pixel sizes of 75 x
300 μm2 and 300 x 300 μm2 are presented in Fig. 7.43. Its value is in the range
between 15 μm and 50 μm in Fig. 7.43. Except for energies E < 50 keV and for
the detector with a pixel size of 75 x 300 μm2 and a light yield of L = 50 (ENCel =
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5 electrons) scintillation photons per keV, the spatial resolution degrades to values
σ > 50 μm, due to the low signal to noise ratio. In contrast to that, the spatial
resolution improves slightly at 25 keV compared to 50 keV, if the detector parameters
are set to L = 70 Nph/keV with ENCel = 3 electrons, due to the fact, that most of
the events occur closer to the pnCCD surface, so that the signal to noise ratio is
increased in spite of the lower energy.
Reﬂector 1 leads usually to a better spatial resolution than reﬂector 2. An increase
of the CsI(Tl) thickness from 0.7 to 1 mm can degrade the spatial resolution at 25
and 50 keV by a value up to 15 μm (but the spatial resolution does not exceed a
value of 55 μm), if the light yield is L = 50 scintillation photons per keV (with
ENCel = 5 electrons) and the pixel size is 75 x 300 μm2.
Results of simulations for pixel sizes of 75 x 75 μm2, a light yield of 70 scintillation
photons per keV, an electronic noise of 3 electrons and a threshold for data acquisi-
tion of 4·ENCel show that no clear spectrum can be recorded in indirect detection
mode for this set of detector parameters. The spatial resolution can be determined
nevertheless for these detector parameters and their values are in the same range as
shown in Fig. 7.43.
Spectra of the conﬁguration with the pixel size of 75 x 300 μm2, the electronic
noise of ENCel = 4 electrons, a data acquisition threshold of 16 electrons, a CsI(Tl)
thickness of 0.7 mm and reﬂector 1 are shown in Fig. 7.44. On the left side of the
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Figure 7.44.: Simulated spectra for the detector parameters: pixel size 75 x 300 μm2,
ENCel = 3 electrons, light yield of 70 photons/keV, CsI(Tl) thickness
of 0.7 mm, reﬂector 1 and a data acquisition threshold of 4 ENCel (on
the left) and 6 ENCel (on the right).
photo peak, there is the escape peak, originating from the escape of Kα,β ﬂuorescence
photons from the relaxation of the excited Cs and I atoms in the scintillator.
Below 200 keV the probability for photo eﬀect is larger than for Compton scat-
tering inside CsI, so that events from Compton scattering play only a minor role,
especially below 100 keV. Determined from simulated spectra, the ratio of the num-
ber of events inside the escape to the events inside the photo peak are in the range
between 0.22 and 0.09. The increase of the CsI(Tl) thickness from 0.7 to 1 mm
leads to a reduction of the ratio up to 35 % of the number of events inside the
escape peak to the number of events inside the photo peak. The number of events
inside the escape peaks together with the number of events generated by Compton
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scattering and photo eﬀect add up to the number of γ-rays, which interacted inside
the scintillator. From this number and the number of events detected directly inside
the pnCCD, the total number of incident γ-rays can be determined, if the QE of the
detector system is known.
To conclude, it can be said, that for the considered parameters the best energy res-
olution in indirect detection mode can be expected for the pnCCD with the larger
pixel size of 300 x 300 μm2 and the thinner CsI(Tl) scintillator with a thickness
of 0.7 mm. Whether reﬂector 1 or 2 leads to a better energy resolution, depends
crucially on the energy of the γ-ray, the light yield of the CsI(Tl) scintillator, the
electronic noise value per pixel and the value of the data acquisition threshold. An
improvement of the energy resolution can be achieved for incident γ-rays with ener-
gies around 100 keV and higher by increasing the data acquisition threshold. By this
method, events, which have generated scintillation photons above a certain distance
from the pnCCD - CsI(Tl) interface, can be disregarded. The spatial resolution
in the indirect detection mode is slightly better for the detector conﬁguration with
reﬂector 1.
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Figure 7.45.: Simulated spectrum including the direct and indirect detection events
for incident photons with an energy of 50 keV. The number of incident
photons is 10000.
A spectrum including directly and indirectly detected events is presented in Fig.
7.45. In order to reconstruct such a spectrum from the measured pnCCD response,
the ﬁngerprints of all possible interaction processes (e.g. Compton, photo, ﬂuores-
cence, escape) have to be known, in order to assign the response of the pnCCD to
the right process or processes and energy. Events from the direct and indirect de-
tection mode can be discriminated by examining the distribution of signal electrons
over the pixels and the number of signal electrons in each pixel.
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Results from simulations indicate that the energy and spatial resolution in the
indirect detection mode is suitable for distinguishing the energy inside and the po-
sitions of diﬀerent Laue spots. The energy resolution at high energies can also be
determined from the direct detection mode, if enough photons are incident onto the
pnCCD to compensate its low quantum eﬃciency.
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In this work we have investigated X- and γ-ray detectors consisting of SDDs or
pnCCDs coupled to scintillators, such as CsI(Tl) and LaBr3(Ce), in order to deﬁne
limitations of the detector performance and to uncover possibilities to improve it.
In literature a detailed description of all relevant contributions to the energy
resolution for the whole detector system consisting of a SDD / pnCCD coupled to
a scintillator is still missing. In this work the relevant contributions to the energy
resolution for a detector system consisting of a single SDD cell coupled to CsI(Tl) or
LaBr3(Ce) in the energy range from 6 keV to 662 keV and for a SDD array or pnCCD
coupled to CsI(Tl) for energies smaller or equal 150 keV have been determined.
A formula for the relative energy resolution has been derived from a statistical
treatment of the overall process, from the interaction of γ-rays with the scintillator
to the collection of signal electrons at the detector anode. If the smallest terms
in this formula are neglected, the remaining terms originate from the Fano noise
inside the scintillator, the energy dependent conversion eﬃciency of the generated
electrons and holes into scintillation photons, the inhomogeneous light and charge
collection eﬃciency, the binomial term, which describes statistical ﬂuctuations of
the number of signal electrons, due to a mean conversion eﬃciency of generated
electrons and holes inside the scintillator into signal electrons, and the electronic
noise. The scintillator shape, thickness, surface roughness, the type and reﬂectivity
of the reﬂector and the quantum eﬃciency of the SDD or pnCCD aﬀect the value
of the light and charge collection eﬃciency, hence the number of signal electrons. In
literature the Fano noise contribution of the scintillator is generally not investigated
and instead of the binomial term, a Poisson term is usually used to describe the
statistical contribution, which is not a good approximation for modern scintillation
detectors anymore.
In case of the γ-detector consisting of a single SDD cell coupled to the scintillator,
one of the main contributions to the energy resolution can be attributed to the energy
dependent conversion eﬃciency of electrons and holes into scintillation photons. Its
contribution to the energy resolution and light yield as a function of γ-energy is
determined by a combination of Monte Carlo simulations and analytical models.
At ﬁrst the interaction of the γ-ray inside the scintillator and the generation of
photo, Compton and Auger electrons is simulated. To each of these electrons a
number of scintillation photons is attributed. The electron light yield is used as an
input to calculate the total mean number of generated scintillation photons. The
conversion eﬃciency of the generated electrons and holes into scintillation photons,
which is proportional to the electron light yield, is determined with analytical models
proposed by Birks [84, 116] and Onsager [85, 86]. These models describe a reduction
of the conversion eﬃciency at high and low energy densities. Landau ﬂuctuations
of the deposited energy along the track of the electrons through the scintillator lead
to ﬂuctuations of the conversion eﬃciency [25, 49, 100], hence to ﬂuctuations of the
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number of generated scintillation photons.
From these results, the so called scintillator "non-proportionality" contribution
to the light yield and the energy resolution are extracted for incident γ-rays. The
calculated energy dependent light yield of LaBr3(Ce) and the calculated contribution
of the non-proportionality of LaBr3(Ce) and CsI(Tl) to the energy resolution in the
energy range 6 keV - 662 keV are presented for the ﬁrst time in this work.
The simulated values of the light yield and the total energy resolution are in good
agreement with results from measurements within the error bars in the energy range
from 6 to 662 keV for single SDD cells coupled to LaBr3(Ce) and CsI(Tl).
The limitation for a further improvement of the energy resolution of γ-detectors
consisting of a single SDD cell coupled to LaBr3(Ce) or to CsI(Tl) is determined
by the non-proportionality of the scintillators. Scintillators with a similar or higher
light yield and a more proportional response, such as the recently developed SrI2(Eu)
and LaBr3(Ce):Sr [25, 126], are promising candidates for a further improvement.
The energy and spatial resolution of a γ-camera consisting of a SDD array with
77 hexagonal cells and an active area of 29 x 26 mm2 coupled to a 5 mm thick
CsI(Tl) scintillator have also been investigated in this work. From measurements
and simulations a spatial sub pixel resolution of 0.5 mm and 1.1 mm at 60 keV
and 122 keV and a relative energy resolution of about 0.37 have been determined.
Results from simulations of the detector response show that the main contributions
to the energy and spatial resolution originate from the low signal to electronic noise
ratio in combination with a high data acquisition threshold. This leads to large
ﬂuctuations in the number of signal electrons and to a dependence of the mean
number of signal electrons on the distance of the generation depth of scintillation
photons inside the scintillator from the SDD surface. These contributions can be
decreased by using thinner CsI(Tl) scintillators, but mostly by a reduction of the
electronic noise and data acquisition threshold.
In order to develop a detector with a good energy and spatial resolution in the
energy range 1 keV - 150 keV a γ-camera has been investigated by simulations
consisting of a pnCCD coupled to a CsI(Tl) scintillator with a thickness of 0.7
mm or 1 mm and pnCCD pixel sizes of 75 x 300 μm2 and 300 x 300 μm2. The
detector is irradiated from the pnCCD side, so that photons with energies up to
15 keV are mainly detected directly by the pnCCD. Photons with higher energies
are mainly absorbed inside the CsI(Tl) scintillator and the scintillation photons
are then detected by the pnCCD, which is denoted as the indirect detection mode.
Simulations indicate that the spatial resolution of these detectors is better than 80
μm. In indirect detection mode energy resolution values of about 10 keV to 15 keV
could be possible in a narrow parameter range, determined by the electronic noise,
the light yield of CsI(Tl), the type and reﬂectivity of the reﬂector and the pnCCD
pixel size. These results suggest that this detector system can be used as a X- and
γ-ray detector for diﬀraction analysis in the energy range 1 keV - 150 keV.
It can be said that the detector systems SDD or pnCCD coupled to LaBr3(Ce)
or CsI(Tl) have been understood, so that origins of limitations of the energy and
spatial resolution are deﬁned and possibilities for improvements are presented.
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A.1. Interaction of photons with matter
A.1.1. Interaction of X- and γ-rays with matter
In the energy range 2mec2(1+me/M) ≤ E < 4mec2 the pair production takes place
close to the nucleus. A photon transforms near the nucleus into an electron and
positron pair with kinetic energies Ekin = 0.5(E - 2mec2). For photon energies
E ≥ 4mec2 the energy and momentum conservation enables the pair production
also in the ﬁeld of an atomic electron, which receives a part of the momentum and
energy. The ratio of the pair production cross section near the atomic electron to
that near the nucleus is
Φpair,elec
Φpair,nucl
=
1
C˜Z
(A.1)
where C˜ ≈ 2.6 at E = 6.5 MeV [19]. For Z = 35, which is the atomic number of
Br, the Eq. A.1 yields 0.01, so that Φpair,elec can be neglected around E = 6.5 MeV.
An approximate formula for the total pair creation cross section, valid in the energy
range 2mec2(1+me/M) ≤ E < 7.5mec2 and for no screening of the ﬁeld of the nucleus
by the atomic electrons, has been calculated by Hough [138]:
Φpair,nucl = αr
2
eZ
2 · (0.776Φpair,0 + 0.018Φ2pair,0) (E > 2.1MeV )
Φpair,nucl = αr
2
eZ
2 · 0.785Φpair,0 (E < 2.1MeV )
(A.2)
where
Φpair,0 = 4
(
1− 2
κ
)[(
1− 1
κ2
)(
K˜ − 1
)
− 4χ
κ2
(
χ− 1− 4
κ2
(
K˜ − χ
))]
(A.3)
and
K˜ =
1
1− ( 2
κ
)2 ln(κ2)
χ =
1√
1− ( 2
κ
)2 ln
(
κ
2
+
√(κ
2
)2
− 1
)
.
(A.4)
The ﬁeld of the nucleus is not screened, because the pair creation occurs near the
nucleus without atomic electrons in-between. For heavier elements the error of
formula A.2 is expected to be larger, because of the Born approximation, which
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is assumed in its derivation [19]. The ratio of the experimental, Φpair,exp , to the
theoretical, Φpair, cross section can be described by
Φpair,exp
Φpair
= 1− 1.5 · 10−5Z2 (A.5)
for energies E > 5 MeV [19]. Eq. A.5 yields for La with Z = 57 a ratio of 0.95.
A.1.2. Interaction of UV−Vis photons with matter
The absorption coeﬃcient for direct transitions, where the electron has the same
wave vector k in the initial and ﬁnal state, from the valence into the conduction
band is given by [139, 40]
α =
πe2
0m2encE
∑
k
|Pcv|2 fv(k)(1− fc(k))δ (Ec(k)− Ev(k)− E) (A.6)
where e is the electron charge,  the Planck constant h over 2π, 0 the dielectric
constant, me the electron mass, n the refraction index, c the velocity of light, Ec and
Ev the electron energy in the conduction and valence band, |Pcv|2 the momentum
matrix element of the electric dipole transition and fk,v and fk,c the Fermi-Dirac
distributions for electrons to occupy the valence and the conduction band at k. The
summation in Eq. A.6 over all k, fulﬁlling the relation E = Ec(k)− Ev(k), can be
replaced by an integral over a constant energy surface [139]. For double degenerate
conduction and valence bands the sum over k can be expresses by∑
k
→
∫
Dj (Ecv) dEcv =
2
(2π)3
∫ ∮
Ecv=const
dSk
|∇k (Ecv)|dEcv (A.7)
where Dj is the joint density of states, Ecv = Ec - Ev the excitation energy, Sk the
constant energy surface deﬁned by Ecv = constant. Inserting Eq. A.7 into A.6 yields
α =
e2
4π0m2encE
∫ ∮
Ecv=const
|Pcv|2 fv(k)(1− fc(k)) dSk|∇k (Ecv)|dEcv. (A.8)
For certain photon energies the joint density of states of the conduction and valence
band becomes maximum. For these energies |∇k (Ecv)| = 0, where Ecv = Ec - Ev.
This leads to so called Van Hove singularities [140] in the joint density of states.
In Fig. 2.8 the band structure of intrinsic silicon is illustrated [41]. Two regimes
with excitation energies, E1 and E2, give rise to Van Hove singularities in the joint
density of states, hence to characteristic points of the absorption coeﬃcient of silicon
at E = E1 and E2 (Fig. A.1).
For photon energies close to the energy gap, phonons have to participate in the
absorption process, because silicon is an indirect semiconductor. Thus the excitation
of an electron from the valence into the conduction band is a second order process
with a lower absorption coeﬃcient compared to the direct transitions. Eq. A.6 has to
be extended by the electron phonon matrix element, which describes the probability
for electron phonon scattering, and the phonon occupation number, nph, which is
temperature dependent. In the parabolic band approximation, for photon energies
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Figure A.1.: Absorption length and coeﬃcient of intrinsic silicon at 300 Kelvin.
Data of the absorption coeﬃcient are taken from [42].
close to the energy gap, the absorption coeﬃcient for indirect semiconductors can
be described by [141]
αph = D
2 · [nph (E − Eg + Eph)2 + (nph + 1) (E − Eg − Eph)2] (A.9)
where D is depending on material properties and temperature, Eg is the energy gap,
nph =
1
exp
(
Eph
kBTemp
)
− 1
, (A.10)
where Eph is the phonon energy and Temp the temperature. The ﬁrst term in Eq.
A.9 describes the absorption process with the absorption and the second term with
the emission of a phonon. For photon energies E ≤ Eg + Eph only the ﬁrst term
of Eq. A.9 determines the absorption coeﬃcient, because only the process where a
phonon is absorbed is possible.
Fig. A.1 shows the absorption coeﬃcients of intrinsic silicon presented in [42]
(black curve) and calculated with formula A.9 and the parameters D = 64 cm−0.5eV−1,
Eg = 1.1 eV and Eph = 0.05 eV [141] (red curve). The curves are in good agreement
in the wavelength range from 500 to 1150 nm.
For doped semiconductors, formula A.9 changes, because of a shift of the Fermi
level, due to the ﬁlling of the conduction band with electrons or the valence band
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Figure A.2.: Absorption length and coeﬃcient of Boron doped p+ and Phosphor
doped n−-type silicon at 300 Kelvin. Data of the absorption coeﬃcient
are taken from [43, 44, 45].
with holes, to [43]
αph,d =
8D2
π
·
⎡⎢⎢⎣ (E − Eg + Eph)2
exp
(
Eph
kBTemp
)
− 1
∫ 1
0
x1/2(1− x)1/2
1 + exp
(
EF−(E−Eg+Eph)x
kBTemp
)dx
⎤⎥⎥⎦+
8D2
π
·
⎡⎢⎢⎣ (E − Eg − Eph)2
1− exp
(
− Eph
kBTemp
) ∫ 1
0
x1/2(1− x)1/2
1 + exp
(
EF−(E−Eg−Eph)x
kBTemp
)dx
⎤⎥⎥⎦
(A.11)
where EF is the distance of the Fermi level to the conduction band minimum or the
valence band maximum. Eg decreases with increasing doping concentrations. In ad-
dition in doped semiconductors, there is also the possibility to conserve the momen-
tum of the excitation process by electron-electron or impurity scattering [142, 143].
This contribution to the absorption coeﬃcient of doped indirect semiconductors can
be written as [43]
αe =
8B˜2
π
· (E − Eg)2
∫ 1
0
x1/2(1− x)1/2
1 + exp
(
EF−(E−Eg)x
kBTemp
)dx (A.12)
where B˜ is a parameter, depending on the doping concentration.
There is a third absorption process in heavily doped semiconductors. This is the
free carrier absorption, where electrons or holes are excited within the same band:
αdr =
e3h2N
4π20m∗2e ncμe
· 1
E2
. (A.13)
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where N is the concentration of electrons in the conduction band, m∗e the eﬀective
electron mass and μe the mobility of the electron. The total absorption coeﬃcient
in doped semiconductors is then
αdoped = αph,d + αe + αdr. (A.14)
In Fig. A.2 the measured and calculated values of the absorption coeﬃcient (αph,d
+ αe, αdr, αdoped) are presented. The parameters for n-doped Si, which are inserted
into the equations A.11, A.12 and A.13 are B˜2 = 1200 cm−1/2V−2, Eg = 1.045 eV
[43], N = 1.5·1020cm−3, n ≈ 3.63 around 1000 nm [76], μe = 50 cm2/Vs [144] for
electrons in doped Si and an impurity concentration of 1.3·1020 cm3. The calculated
absorption coeﬃcient, αdoped, describes well the measured values of highly doped
silicon for photon energies E < 2.5 eV (λ > 500 nm).
A.2. Light generation in scintillators
Possibilities for scintillation induced by thermalized electrons and holes are:
• e+ h → hν
• e+ h → ex → hν
• e+ Vk → STE → hν
• e+ h+ A → ex+ A → A∗ → A+ hν
• e+ VkA → STE perturbed by A → A+ hν
• e+ h+ A → A1+ + e → A∗ → A+ hν
• e+ h+ A → A1− + h → A∗ → A+ hν
• A → A∗ → A+ hν
where ex is the exciton, Vk the center consisting of a hole localized between two
Anions, I−, in CsI and two Br− in LaBr3, A and A∗ luminescence centers in the
ground and excited state [14, 48]. Self-trapped excitons (STEs) are generated after
the Vk center captures an electron.
The spontaneous transition probability for the electric dipole transition between
two states, a and b, can be described by [62]
W (ed) =
8π2n
30λ3
(
Eloc
Emac
)2
1
gb
|〈Ψa(r) |er|Ψb(r)〉|2
=
8π2n
30λ3
(
Eloc
Emac
)2
1
gb
|dba|2
(A.15)
where λ is the wavelength of the transmitted photon, n the refraction index of the
scintillator, Eloc the local electric ﬁeld, Emac the macroscopic electric ﬁeld amplitude,
gb the degeneracy of the excited state, Ψa and Ψb the electronic wave functions of
the ground and excited state, er the electric dipole moment operator and dba the
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expectation value of the electric dipole moment operator. The decay time constant
of an electric dipole transition is given by
τ(ed) ∝ 1
W (ed)
. (A.16)
Thermal quenching causes a decrease of the luminescence and also of the decay time
of the luminescence process, because τ(Temp) = τ(ed)Q(Temp) [48], where τ(ed) is
the decay time of the electric dipole transition. Additionaly, there is the probability
of energy transfer Pt from one luminescence center to the next one, which increases
the luminescence decay time to
1
τtot(Temp)
=
1
τ(ed)Q(Temp)
+
1
τt(Temp)
(A.17)
where τt(Temp) = 1/Pt(Temp).
The transition probability characterized in Eq. A.15 does not include the contri-
bution of lattice vibrations. In order to take this eﬀect into account two approxima-
tions are made. The ﬁrst approximation is to decouple the electronic and nuclear
motion, which leads to the adiabatic (Born Oppenheimer 1927) approximation for
the overall wave function
Ψ(r, Rl) = Ψ(r, Rl(0)) · χn(ql) (A.18)
where r is the electron coordinate, Rl = Rl(0)+ ql the coordinate of the lth ion with
Rl(0) its average value and ql its displacement, Ψ the electronic wave functions for
the static case and χ the vibrational wavefunctions with regard to the motion of the
ions. The second approximation is made by regarding only one vibrational mode
ω, out of many, in which the ligand ions pulsate about a central ion, so that only
one nuclear coordinate X, the so called conﬁgurational coordinate, can describe the
distance between the ligand and the central ion [64]. The mean distance between the
ligand and the central ion in the ground and relaxed, excited state can be described
by the normal coordinates, Xa,0 and Xb,0. With this additional approximation the
wave functions of the ground and excited state take the form
Ψa,n = Ψa(r,Xa,0) · χa,n(X)
Ψb,m = Ψb(r,Xb,0) · χb,m(X).
(A.19)
The solution of the Schrödinger equation in the adiabatic approximation, considering
only one normal mode described by the frequency ω, the conﬁgurational coordinate
X and the approximation of a linear harmonic oscillator, yields [62]:
Ea = Ea,0 + ωa
(
n+
1
2
)
Eb = Eb,0 + ωb
(
m+
1
2
) (A.20)
for the total energy of the ground and excited state Ea and Eb including the energy,
due to lattice vibrations, with the phonon energies Eph,a = ωa and Eph,b = ωb.
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The ionic potential energy is given by [62]
Ea(X) = Ea,0 + Va(X) = Ea,0 +
1
2
mω2a(X −Xa,0)2
Eb(X) = Eb,0 + Vb(X) = Eb,0 +
1
2
mω2b (X −Xb,0)2
(A.21)
where V (X) is the potential of a harmonic oscillator and m the ion mass. Fig. A.3
shows the ground, a, and excited state, b, of a luminescence centers described by the
Eqs. A.21 and A.20. Inserting the wave functions presented in Eq. A.19 into Eq.
Figure A.3.: Conﬁgurational diagram in the harmonic approximation for a lumines-
cence center in the ground and excited state. (after [62, 64])
A.15 yields the spontaneous transition probability from the excited into the ground
state including the contribution of lattice vibrations [62, 64]:
W (ed, vib)
=
8π2n
30λ3
(
Eloc
E
)2
1
gb
∑
an,bm
|〈Ψa(r,Xa,0) · χa,n(X) |er|Ψb(r,Xb,0) · χb,m(X)〉|2
=
8π2n
30λ3
(
Eloc
E
)2
1
gb
∑
an,bm
|〈Ψa(r,Xa,0) |er|Ψb(r,Xb,0)〉|2 · |〈χa,n(X)|χb,m(X)〉|2
= W (ed) ·
∑
an,bm
|〈χa,n(X)|χb,m(X)〉|2
= W (ed)
(A.22)
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where
∑
an,bm |〈χa,n(X)|χb,m(X)〉|2 = 1. The result of the spontaneous dipole transi-
tion probability including the dynamic lattice is the same as for the static case. The
eﬀect of lattice vibrations reveals itself on the emission probability from a certain
vibrational state m of the excited state b into a vibrational state n of the ground
state by
Wbm,an(ed, vib) = Wba(ed) · |〈χa,n(X)|χb,m(X)〉|2 , (A.23)
where |〈χa,n(X)|χb,m(X)〉|2 the relative emission probability, due to the overlap of
the vibrational functions.
The shape of the emission band at 0 Kelvin can be described by the following
function [62]
Iba(E) = I0 ·
∑
n
|〈χa,n(X)|χb,0(X)〉|2 · δ(Eb0 − Ean − E)
= I0 ·
∑
n
exp(−H)Hn
n!
δ(Eb0 − Ean − E) (A.24)
where H is the Hyang-Rhys parameter, deﬁned by [64]
EAB − Eb0 = 1
2
Mω2(Xb,0 −Xa,0)2 = Hωb. (A.25)
Results of the Eq. A.24 are illustrated in Fig. A.4. Increasing values of the Hyang-
Figure A.4.: Intensity of the emission at 0 Kelvin from the excited vibrational state
χb,0 into the vibrational ground states χa,n for several Hyang-Rhys pa-
rameters, H.
Rhys parameter, H, lead to broader emission bands, due to the distribution of the
overall emission rate among an increasing number of vibrational states. For large
H, Eq. A.24 can be approximated by a Gaussian function [62]. The Stokes Shift
(Fig. A.3), EStokes, is deﬁned as the energy diﬀerence between the absorption and
emission band maximum [64]
EStokes = Eab − Eba = 21
2
mω2(Xb,0 −Xa,0)2 − 21
2
ω = (2H − 1)ω (A.26)
176
A.2. Light generation in scintillators
for the approximation ω = ωa = ωb. A stronger coupling between electronic states
and lattice vibrations (phonons) leads to a larger shift between the ground and
excited state parabolas with respect to the conﬁgurational coordinate, X, which
increases the Hyang-Rhys parameter, hence the Stokes Shift.
There is also the possibility that the ground and excited state parabolas intersect
each other (Fig. A.3), so that there is the chance for an electron in the excited state
for temperatures > 0 K to reach the ground state through the emission of several
phonons without the emission of a photon. The non-radiative transition probability
W (nr), due to multi-phonon emission, which decreases the scintillator light yield,
decreases strongly with increasing energy diﬀerence ΔE between ground and excited
state and increases with increasing temperature (thermal quenching) as [145, 48, 64]
W (nr)(Temp) ≈ F · exp(−aΔE) · exp
(
− Eq
kBTemp
)
, (A.27)
where F and a are material parameters, kB the Boltzmann factor, Temp the temper-
ature and Eq the quenching energy illustrated in Fig. A.3.
The dependence of the radiative recombination eﬃciency Q on ΔE and Temp can
be written as [145, 48]
Q(Temp) ≈ W (ed)
W (ed) +W (nr)
=
1
1 + F
Wed
· exp
(
−αΔE − Eq
kbTemp
) , (A.28)
whereas the non-radiative recombination through traps is not taken into account
here. The non-radiative transition probability W (nr) in LaBr3(Ce) and CsI(Tl)
should be negligible after Eq. A.27, because of the large energy gap between the
ground and excited states, ΔE, which is in the range from 2 to 4 eV (Tab. 2.2).
For very small ΔE, W (nr) becomes larger and W (ed) smaller. Due to the 1/λ3
dependence (Eq. A.15), the non-radiative transitions dominate [64].
Another important issue is the light yield dependence on the concentration of
luminescence centers. L increases up to a certain concentration and decreases after
the concentration is further increased. This is due to the fact, that the travel
distances of electrons and holes to the luminescence centers is reduced, hence the
probability of charge carriers being trapped is also reduced. These processes lead
to an increase of the transfer eﬃciency S(Temp). At a certain concentration the
probability for the transfer of the excitation energy and charges from one center
to the next increases in that way, that the probability to de-excite non-radiatively,
increases again [14].
The same processes leading to an increase of S(Temp) with an increasing concen-
tration of luminescence centers, described in the previous paragraph, lead also to a
decrease of the luminescence (scintillation) rise time τr. The time dependence of the
luminescence intensity J(t) = dNph
dt
is usually approximated by a sum of exponential
functions [59, 145, 146]
J(t) =
Nl∑
i=0
ai
τtot,i
· exp(− t
τtot,i
)− ai
τr,i
· exp(− t
τr,i
), (A.29)
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where Nl is the number of possibilities for electrons and holes to recombine radia-
tively, t the time and a the scaling factor. The total number of generated photons
results from the integration of J(t) over the time: Nph =
∫∞
0
J(t)dt.
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A method to determine the mean value and the variance of probability distributions
of statistical processes is to deﬁne their probability generating functions, which have
been introduced by Laplace in 1812 [147]. The descriptors of statistical processes
are deﬁned by derivations of the probability generating functions.
B.1. Determination of the mean value and
variance from generating functions
Considering a process, named G, with possible scores s = 0,1,2,...,n and the respec-
tive probabilities p0, p1, p2, ..., pn. The probability generating function, G(x), for
such a process is deﬁned as [148, 78, 149]:
G(x) =
n∑
s=0
xsps. (B.1)
where x is an auxiliary variable. G(1) = 1, because it is the sum over the probabilities
of all possible scores. The average score results from the ﬁrst derivative of the
probability generating function, G(x), at x = 1:
dG(x)
dx x=1
= G
′
(1) =
n∑
s
sps = s. (B.2)
The variance, Var(G), the square of the standard deviation, σ2(G), of the process
G is deﬁned by [77]
V ar(G) = σ2(G) = s2 − s2. (B.3)
The second derivation of the generating function, G(x), at x = 1 is
d2G(x)
dx2 x=1
= G
′′
(1) =
n∑
s
s(s− 1)ps = s2 − s. (B.4)
Substituting s2 and s2 in Eq. B.3 by the ﬁrst and second derivative of the generating
function, G(x), yields
V ar(G) = G
′′
(1) +G
′
(1)−
[
G
′
(1)
]2
. (B.5)
For example the probability generating function of a process constituting a Bernoulli
trial with the scores 1 or 0, i.e. photon is transferred from the scintillator into the
SDD or not, is
G(x) = x0p0 + x
1p1 = p0 + xp1. (B.6)
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From G(1) = 1 results that p0 = 1− p1. With the notation p1 = p, the probability
generating function can be written as
G(x) = (1− p) + xp. (B.7)
The mean value for the Bernoulli trial is
s = G
′
(1) = p (B.8)
and the variance
V ar(G) = G
′′
(1) +G
′
(1)−
[
G
′
(1)
]2
= 0 + p− p2 = p(1− p) (B.9)
Knowing the probability generating function of a process, implies the possibility
to calculate its mean value and variance.
B.1.1. Simultaneous processes
The generating function G(x) of two simultaneous independent processes with their
probability generating functions A(x) and B(x), where the overall mean value sG
of the total process G is calculated by adding the mean values sA and sB of the
processes A and B, is given by [78, 149]
G(x) = A(x)B(x). (B.10)
The mean value sG can be calculated by applying formula B.2 onto the probability
generating function in B.10, which yields the expected mean value:
sG = A
′
(1)B(1) + A(1)B
′
(1) = sA + sB. (B.11)
Applying formula B.5 onto the probability generating function in B.10 yields the
variance of the overall process, G:
V ar(G)
= A
′′
(1)B(1) + 2A
′
(1)B
′
(1) + A(1)B
′′
(1) + A
′
(1) +B
′
(1)−
[
A
′
(1) + B
′
(1)
]2
= A
′′
(1) + 2A
′
(1)B
′
(1) + B
′′
(1) + A
′
(1) +B
′
(1)−
[
A
′
(1) + B
′
(1)
]2
= A
′′
(1) + B
′′
(1) + A
′
(1) + B
′
(1)− A′(1)2 − B′(1)2
= [A
′′
(1) + A
′
(1)− A′(1)2] + [B′′(1) + B′(1)− B′(1)2]
= V ar(A) + V ar(B)
= σ(A)2 + σ(B)2 (B.12)
B.1.2. Processes in a cascade
Considering two independent processes A and B happening after each other, where
the ﬁrst process A has the score sA, which serves as the number of trials for the
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second process B. The overall mean value of this so called cascade process is then
sG = sAsB with the probability generating function [149, 150, 151]
G(x) = A[B(x)]. (B.13)
Applying formula B.2 yields the expected result for the overall mean value
sG = A
′
[B(1)]B
′
(1) = A
′
(1)B
′
(1) = sAsB. (B.14)
Applying formula B.5 yields the variance of the overall process, G:
V ar(G)
= A
′′
(1)B
′
(1)2 + A
′
(1)B
′′
(1) + A
′
(1)B
′
(1)−
[
A
′
(1)B
′
(1)
]2
= A
′′
(1)B
′
(1)2 + A
′
(1)B
′
(1)2 − A′(1)2B′(1)2
+A
′
(1)B
′′
(1) + A
′
(1)B
′
(1)− A′(1)B′(1)2
= B
′
(1)2
[
A
′′
(1) + A
′
(1)− A′(1)2
]
+A
′
(1)
[
B
′′
(1) + B
′
(1)− B′(1)2
]
= s2B · V ar(A) + sA · V ar(B)
= s2B · σ(A)2 + sA · σ(B)2. (B.15)
The variances of processes happening in a cascade add up with diﬀerent weighting
factors compared to the variances of processes happening simultaneously (Eq. B.12)
with weighting factors equal to 1. The variance originating from processes in a
cascade is usually speciﬁed in relative units, v(X) = Var(X)/s2X where X is a random
variable and sX its mean value. The relative variance of G is then
v(G) =
V ar(G)
s2
=
sB
2 · V ar(A)2 + sA · V ar(B)2
(sAsB)
2
=
V ar(A)
sA
2 +
V ar(B)
sAs
2
B
= v(A) +
v(B)
sA
. (B.16)
For example lets assume, that process B can be described by a Bernoulli trial with
the probability p for success. Then the relative variance can be written as
v(G) = v(A) +
1− p
sAp
=
(
v(A)− 1
sA
)
+
1
sAp
. (B.17)
If the number of scores of process A is constant for each event, then the relative
variance of process A is zero, v(A) = 0.
If the scores of process A follow a Poisson distribution, then v(A) = 1/sA and Eq.
B.17 changes to
v(G) =
1
sAp
. (B.18)
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B.1.3. Alternative processes
Process, B, can be of composite nature in such a way, that each event is described
by one of several processes Bi. The probability generating function for this process
can be deﬁned by [78]
B(x) =
∑
i
qiBi(x), (B.19)
which is the weighted mean of the generating function Bi(x) for the process Bi,
where qi is the frequency of Bi to happen. The mean value of process B is
sB = B
′
(1) =
∑
i
qisBi . (B.20)
Considering two processes A and B happening after each other to form a cascade
with process B being of the form described in Eq. B.19. The overall probability
generating function, G(x), is then
G(x) =
∑
i
qiA [Bi(x)] . (B.21)
Assuming that each Bi process can be described by a Bernoulli trial (compare Eq.
B.7) with a probability generating function
Bi(x) = (1− pi) + pix (B.22)
and inserting Eq. B.22 into Eq. B.21 yields the total probability generating function
[78]
G(x) =
∑
i
qiA [(1− pi) + pix] . (B.23)
The ﬁrst derivation of G(x) is
G
′
(x) =
∑
i
qiA
′
[(1− pi) + pix] pi (B.24)
with the mean value
sG = G
′
(1) =
∑
i
qiA
′
(1)pi = A
′
(1)
∑
i
qipi = A
′
(1)p = sAp. (B.25)
The second derivation of G(x) is
G
′′
(x) =
∑
i
qiA
′′
[(1− pi) + pix] p2i , (B.26)
which becomes for x = 1
G
′′
(1) =
∑
i
qiA
′′
[1] p2i = A
′′
(1)
∑
i
qip
2
i = A
′′
(1)p2. (B.27)
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The variance of the overall process results by inserting Eq. B.27 and B.25 into Eq.
B.2:
V ar(G)
= A
′′
(1)p2 + A
′
(1)p−
[
A
′
(1)p
]2
= A
′′
(1)p2 − A′′(1)p2 + A′′(1)p2 + A′(1)p2 − A′(1)2p2 − A′(1)p2 + A′(1)p
= A
′′
(1)
[
p2 − p2
]
+ p2
[
A
′′
(1) + A
′
(1)− A′(1)2
]
− A′(1)p2 + A′(1)p
= A
′′
(1)V ar(p) + p2V ar(A)− A′(1)p2 + A′(1)p
= A
′′
(1)V ar(p) + A
′
(1)V ar(p)− A′(1)2V ar(p)
+p2V ar(A)− A′(1)p2 + A′(1)p− A′(1)V ar(p) + A′(1)2V ar(p)
= V ar(A)V ar(p) + p2V ar(A)− A′(1)p2
+A
′
(1)p− A′(1)V ar(p) + A′(1)2V ar(p)
= V ar(A)V ar(p) + p2V ar(A)− sAp2 + sAp− sAV ar(p) + s2AV ar(p)
(B.28)
The result for the relative variance can be written as
v(G) =
V ar(G)
s2G
= v(A)v(p) + v(A)− 1
sA
+
1
sAp
− v(p)
sA
+ v(p)
=
(
v(A)− 1
sA
)
+ v(p)
(
1 + v(A)− 1
sA
)
+
1
sAp
(B.29)
For v(p) = 0, the variance in B.29 changes to the variance described in B.17 for a
mean value p, which doesn’t change frequently from one event to another.
If the scores of process A follow a Poisson distribution, then v(A) = 1/sA and Eq.
B.29 results into
v(G) = v(p) +
1
sAp
(B.30)
B.2. Derivation of the formula for the relative
energy resolution
The overall process G, composed of the processes denoted by A, B and D has the
generating function (Sec. B.1.3):
G(x) =
∑
i
∑
j
qikjA[Bi[Dj(x)]] =
∑
i
∑
j
qikjA[1− T i + T i[1− ηj + ηjx]]
=
∑
i
∑
j
qikjA[1− T iηj + T iηjx], (B.31)
with the mean value
N e = G
′
(1) =
∑
i
∑
j
qikjA
′
(1)T iηj = A
′
(1)
∑
i
qiT i
∑
j
kjηj = N ehTη. (B.32)
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For the calculation of the relative variance of Ne the result of the second derivative
of G(x) at x = 1 is needed:
G
′′
(1) =
∑
i
∑
j
qikjA
′′
(1)T
2
i η
2
j = A
′′
(1)
∑
i
qiT
2
i
∑
j
kjη
2
j = A
′′
(1)T 2 · η2. (B.33)
The relative variance of the overall process G can be determined in analogy to Eq.
B.28 and B.29 with the result
v(Ne) = v(Neh)− 1
N eh
+ v(T · η)
(
1 + v(Neh)− 1
N eh
)
+
1
N ehTη
. (B.34)
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C. Transmission and reﬂection of
optical photons through thin
ﬁlms
The interaction of optical photons at an interface between two isotropic media can be
described by a plane electromagnetic wave, which is partly reﬂected and transmitted
at the interface. The propagation of the electric, E(r, t), and magnetic ﬁeld, H(r, t),
components can be described by the formulas
E(r, t) = E0exp(i(kr − ωt)) (C.1)
H(r, t) = H0exp(i(kr − ωt)), (C.2)
where E0 and H0 are the amplitudes of the electric and magnetic ﬁeld respectively
and k is the wave vector, r the position, ω the angular frequency and t the time.
The relation between the magnetic ﬁeld strength H and the magnetic ﬂux density B
is B = μμ0 H, where μ and μ0 are the relative and the vacuum permeability. μ = 1
for non magnetic materials. The vectors E, H and k are orthogonal to each other.
From the Maxwell equation
∇× E = −μ0d
H
dt
⇔ k × E = ωμ0 H
and the fact, that k and E are orthogonal to each other, results in the equation
k
∣∣∣ E∣∣∣ = ωμ0 ∣∣∣ H∣∣∣. With the dispersion relation of plane waves
ω =
c
n
k,
where c is the velocity of light and n the energy dependent complex index of refrac-
tion. The relation between the magnitude of the electric and the magnetic ﬁeld can
be deduced to ∣∣∣ E∣∣∣ = c
n
μ0
∣∣∣ H∣∣∣ . (C.3)
In case of an arrangement of several thin layers on top of each other with parallel
interfaces, the electromagentic ﬁeld at a point of the considered interface, z1 (Fig.
C.1), can be described by the superposition of two electromagnetic waves on each
side of the interface respectively. The incident and reﬂected waves are on one side
and the transmitted and the other incident wave on the opposite side of the inter-
face at z1. The incident wave from the opposite side of the interface results from
the interference of the reﬂected waves on the interfaces below z1 (Fig. C.1). The
boundary condition for electromagnetic waves in isotropic, isolating and non mag-
netic materials is given by the continuity of the parallel component of the electric,
185
C. Transmission and reﬂection of optical photons through thin ﬁlms
Figure C.1.: Schematics of the amplitudes of the electric and magnetic ﬁeld vectors
for s- and p-polarized electromagnetic waves.
E, and magnetic, H, ﬁeld at the interface. The electromagnetic wave exhibits a
polarization, which can be described by a linear combination of a s- and p-polarized
electromagnetic wave. The s-polarized wave has the electric and the p-polarized
wave the magnetic ﬁeld parallel to the interface. The boundary condition for s- and
p-polarized electromagnetic waves leads to the following equations [152]:
s-polarization:
Ei(z1) + Er(z1) = Et(z1) + Etr(z1) (C.4)
−Hi(z1)cosθi +Hr(z1)cosθi = −Ht(z1)cosθt +Htr(z1)cosθt ⇔
−niEe(z1)cosθi + niEr(z1)cosθi = −ntEt(z1)cosθt + ntEtr(z1)cosθt (C.5)
with Eq. C.3.
p-polarization:
Hi(z1) +Hr(z1) = Ht(z1) +Htr(z1) ⇔
niEi(z1) + niEr(z1) = ntEt(z1) + ntEtr(z1) (C.6)
with Eq. C.3,
Ei(z1)cosθi − Er(z1)cosθi = Et(z1)cosθt − Etr(z1)cosθt (C.7)
where i, r, t and tr are the indices for the parameters of the incident, reﬂected, trans-
mitted and reﬂected after being transmitted electric or magnetic ﬁelds respectively.
θ is the angle between the wave vector and the surface normal. After some trans-
formations Eq. C.4 and C.5, respectively C.6 and C.7 can be written in a matrix
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notation:
s-polarization (
Ei(z1)
Er(z1)
)
=
(
1+a
2
1−a
2
1−a
2
1+a
2
)(
Et(z1)
Etr(z1)
)
(C.8)
where
a =
ntcosθt
nicosθi
p-polarization (
Ei(z1)
Er(z1)
)
=
(
b+c
2
b−c
2
b−c
2
b+c
2
)(
Et(z1)
Etr(z1)
)
(C.9)
where
b =
nt
ni
; c =
cosθt
cosθi
The matrices in Eq. C.8 and C.9 are named Ms;n,n−1 and Mp;n,n−1. The propagation
within one layer from one interface (n,n-1) to the other interface (n-1,n-2) has not
been described yet. This can be done by the following equation:(
Et;n,n−1
Etr;n−1
)
=
(
exp(iΘn−1) 0
0 exp(−iΘn−1)
)(
Ei;n−1,n−2
Er;n−1,n−2
)
(C.10)
[152] where
Θn−1 = kdn−1cosθn−1 =
2πn
λ
dn−1cosθn−1, (C.11)
dn−1 is the layer thickness of the layer with the index n-1 and λ the wavelength
of the electromagnetic wave. Combining the matrices, which describe the Fresnel
reﬂection and refraction (Eq. C.8 and C.9) with the matrix, which describes the
propagation through the layers from one interface to the other (Eq. C.11), leads to
the following equations:
s-polarized (
Et;n,n−1
Etr;n,n−1
)
=(
exp(iΘn−1)
nncosθn+nn−1cosθn−1
2nncosθn
exp(−iΘn−1)nncosθn−nn−1cosθn−12nncosθn
exp(iΘn−1)
nncosθn−nn−1cosθn−1
2nncosθn
exp(−iΘn−1)nncosθn+nn−1cosθn−12nncosθn
)(
Ei;n−1,n−2
Er;n−1,n−2
)
(C.12)
p-polarized (
Et;n,n−1
Etr;n,n−1
)
=(
exp(iΘn−1)
nn−1cosθn+nncosθn−1
2nncosθn
exp(−iΘn−1)nn−1cosθn−nncosθn−12nncosθn
exp(iΘn−1)
nn−1cosθn−nncosθn−1
2nncosθn
exp(−iΘn−1)nn−1cosθn+nncosθn−12nncosθn
)(
Ei;n−1,n−2
Er;n−1,n−2
)
(C.13)
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The matrices, which describe the Fresnel refraction and reﬂection and the propaga-
tion of the waves through the layers are named Ls;n,n−1 and Lp;n,n−1. Let us suppose
that two thin layers are deposited on a substrate and we would like to calculate
the reﬂection on and transmission through the two layers. It can be done in the
following way: (
Ei;3,2
Er;3,0
)
= L3,2L2,1M1,0
(
Et;1,0
0
)
(C.14)
Dividing the Eq. C.14 through Ei;3,2 leads to(
1
r
)
= L3,2L2,1M1,0
(
t
0
)
(C.15)
which can be transformed into(
1/t
r/t
)
= L3,2L2,1M1,0
(
1
0
)
(C.16)
so that on the right hand side of Eq. C.16 remain only the matrices L and M and the
vector (1 0) as input for the calculation of the complex reﬂection r and transmission
coeﬃcients, t.
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and quantum eﬃciency on the
spectral response
D.1. Direct X-ray detection
The mean number of signal electrons, N e(E,z), reaching the anode after an energy
deposition of one X - or γ-ray photon at a certain depth, z, is
N e(E, z) =
E
w
· CCE(z(E)) = N eh(E) · CCE(z(E)), (D.1)
The transmissivity through the inactive parts of the entrance window is set to 1, so
that no partial events resulting from that part of the entrance window is considered.
The relative variance of Ne(E, z) can be calculated by the use of Eq. B.16 assuming
in this case a simple cascade process:
v(Ne(E, z)) = v(Ne) +
1− CCE(z(E))
N eh−SDD(E) · CCE(z(E))
, (D.2)
where v(Ne) is the contribution of the so called Fano noise, whereas the second term
in Eq. D.2 describes the z dependent noise contribution, due to a CCE(z) < 1.
The second noise term in Eq. D.2 decreases with increasing absorption depths, z, of
X-ray photons, because of an increasing CCE(z) close to 1.
The mean number of signal electrons, N e(E), summed over all absorption depths,
results from
N e(E) = N eh−SDD(E) · CCE(E), (D.3)
where CCE is deﬁned in Eq. D.6. Due to the fact, that the CCE(z) changes from
event to event (alternative cascade process) the relative variance v(Ne(E)) has to
be calculated according to Eq. B.29:
v(Ne(E)) =
F
N eh−SDD
+ v(CCE(E))
(
1 +
F − 1
N eh−SDD
)
+
1− CCE(E)
N eh−SDD · CCE(E)
,
(D.4)
where
v(CCE(E)) =
CCE2(E)− CCE2(E)
CCE
2
(E)
. (D.5)
Eq. D.4 changes for CCE(z) = CCE = 1 to v(Ne(E)) = F/N eh−SDD, which is the
contribution of the Fano noise. CCE(E) and CCE2(E) can be evaluated by
CCE(E) =
∫ d
0
CCE(z)dA(E, z)∫ d
0
dA(E, z)
, (D.6)
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and
CCE2(E) =
∫ d
0
CCE(z)2dA(E, z)∫ d
0
dA(E, z)
(D.7)
where dA(E,z) is given in Eq. 5.7. Including the variance of the electronic noise,
Varel = ENC2el, yields the overall variance of the spectrum
V artot(E) = V ar(Ne(E)) + V arel = v(Ne(E)) ·N2e(E) + ENC2el. (D.8)
The standard deviation σtot in eV determined by the contributions of Fano noise,
CCE noise and electronic noise, is hence
σtot(Ne(E)) = w ·
√
V ar(Ne(E)) + ENC2el, (D.9)
where w is the mean energy in eV to create an eh-pair. Eq. D.9 changes to Eq. 3.3
(Sec. 3.1.1) for CCE(z) = 1 with FWHM = 2.35 ·σtot(Ne(E)). In Fig. D.1 on the left
the calculated values of σtot for a CCE(z) = 1 function and CCE functions speciﬁed
by the pn- and ARC-Window are plotted against the energy for two electronic noise
levels. The CCE(z) = 1 and the CCE(z) of the pn-Window have almost the same
Figure D.1.: Standard deviation, σtot(Ne(E)), of the number of detected signal elec-
trons, Ne(E), for a SDD window with CCE(z) = 1 (black line), pn-
(orange line) and ARC-Window (blue line) for two electronic noise lev-
els (left Fig.). Measured (- 20◦C) and calculated FWHM = 2.35σtot of
Ne(E) for an SDD with a pn-Window, after X-ray irradiation with a
dose of 3 · 1011 (right Fig.). The discontinuities at the Si-K (1839 eV)
absorption edge is smaller for the pn- compared to the ARC-Window,
because of an improved CCE.
values of σtot, whereas the values of the CCE(z) of the ARC-Window leads to a large
degradation of σtot compared to CCE(z) = 1. On the right of Fig. D.1 the measured
and calculated values of σtot, which are in a good agreement, are illustrated. In this
case the SDD with the pn-Window has been irradiated with an X-ray dose of about
3 · 1011 before recording the spectra and determining the FWHM of its photo peak.
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After the irradiation of the pn-Window with that dose, a high number of defects are
created at the SiO2-Si interface, which degrade the value of the CCE in that region
(Fig. D.2).
Figure D.2.: CCE of the pn-Window, the irradiated pn-Window (X-ray dose of 3 ·
1011) and the ARC-Window.
In Fig. D.2 the depth dependent charge collection eﬃciency functions of the pn-,
ARC-Window and that of the irradiated pn-Window (X-ray dose of 3 · 1011) are
illustrated. The appropriate parameters for the CCE of the irradiated pn-Window
are determined from the best agreement of the simulated and measured spectra in
Fig. D.5.
The spectrum generated by incident X-rays involves several processes. These are
the absorption of X-rays, the generation and collection of signal electrons at the SDD
anode. These processes, which are summarized in an event, j, lead to a number of
detected signal electrons, Ne,j(E, zj):
Ne,j(E, zj) = Neh−SDD,j(E) · CCE(zj(E)), (D.10)
where Neh−SDD,j(E) is the number of generated eh-pairs inside the SDD of event j,
and CCE(zj(E)) the charge collection eﬃciency of event j and the absorption depth
zj. The number of generation eh-pairs, Neh−SDD,j(E), is approximated by a Gaussian
distribution with a standard deviation,
√
F ·N eh−SDD. Each electron is collected
with a probability of CCE(zj). This can be computed by Monte Carlo methods.
The absorption depth, zj(E), following the absorption law, results from Eq. 5.6 , if
it is resolved for z:
zj(E) = −l(E) · log(1− rj) (D.11)
where l(E) is the absorption length, r a random number between [0,1] and j the
considered event. A random number generator determines the value of rj for each
energy deposition, j. The absorption depth, zj(E), changes frequently from event to
event.
Fig. D.3 shows the spectra of a SDD with ARC- and pn-Window generated by
incident X-ray photons with energies of E = 1830 eV and 1860 eV (before and after
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Figure D.3.: Simulated spectral response of a SDD with ARC-Window regarding the
eﬀect of the CCE only for X-ray energies of E = 1830 eV (left Fig.)
and 1860 eV (right Fig.), before and after the Si-K absorption edge.
the Si-K absorption edge) including the contribution of the CCE without any noise.
The number of counts is plotted against the value of Ne(E) · w in units of eV. The
inﬂuence of the CCE is larger for X-rays with an energy of E = 1860 eV, because
of their shorter absorption length in silicon (Fig. 5.5), compared to photons with
an energy of 1830 eV. This circumstance leads to a higher number of events with a
partial charge collection (CCE < 1), hence with Ne(E) < Neh−SDD(E) (comp. Eq.
D.10) for X-ray photons with an energy of E = 1860 eV. It is also recognizable that
the fraction of events with Ne(E) < Neh−SDD(E) (comp. Eq. D.10) is larger for a
SDD with an ARC- rather than a pn-Window, due to a poorer CCE (Fig. D.3).
Figure D.4.: Simulated spectral response of a SDD with pn-Window, due to the eﬀect
of the CCE and the contributions of the Fano and electronic noise for
X-ray energies of E = 1830 eV (left Fig.) and 1860 eV (right Fig.).
Fig. D.4 includes contributions from the CCE, Fano and electronics, noise to the
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spectra shown in Fig. D.3. The CCE generates a more or less pronounced shoulder
on the left side of the photo peak. This shoulder is smaller for a CCE, optimized
for X-rays, as realized in the pn-Window compared to the ARC-Window, which is
optimized for coupling the SDD to a scintillator.
Fig. D.5 shows the measured and calculated spectra of an SDD with pn-Window
for incident X-ray energies of 1830 and 1860 eV. We have not performed measure-
ments with an ARC-Window at these energies yet. The measured spectrum of a
SDD with the irradiated pn-Window compared to the simulated ones, includes the
noise peak at 0 eV and partial events resulting after the interaction of X-rays with
the dielectric top layers. The number of these partial events is higher for incident
X-rays with energies of 1860 eV compared to 1830 eV, because of the shorter absorp-
tion length inside the SiO2-layer of the pn-Window at 1860 eV compared to 1830 eV.
The measured and simulated photo peak spectra are in good agreement. Energy
resolutions determined from a Gaussian ﬁt to the photo peak neglect to a big part
the contribution of partial events, so that the eﬀect of the CCE is almost not visible
in the value of the FWHM.
Figure D.5.: Measured and calculated spectral response at 1830 and 1860 eV for a
SDD with a pn-Window, including the contribution of the CCE, Fano
and electronic noise.
We can conclude that the presented analytical formula of the standard deviation
of the energy resolution, including the CCE contribution besides the Fano and the
electronic noise and the Monte Carlo simulations of the generated spectra reproduce
the results from measurements accurately. Eq. D.9 includes the eﬀect of the CCE
for the ﬁrst time in an analytical expression for the energy resolution of the SDD.
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D.2. Direct detection of ultra violet and visible
photons
The inﬂuence of quantum eﬃciency (QE) on the standard deviation of the number
of the signal electrons, σ(Ne), and the spectral response function is discussed in
this chapter. The eﬀect of the CCE on the spectral response of SDDs for incident
X-rays has already been discussed in previous works [153, 154, 155] and a short
overview has been given in App. D.1 (In addition to previous works we have derived
formulas for the analytical calculation of the standard deviation of the number of
signal electrons, σ(Ne)).
In the following, the number of scintillation photons, Nph, is set to be constant in
order to examine the eﬀect of the QE only. The mean number of signal electrons,
N e, detected at the anode is
N e = Nph ·QE. (D.12)
The dependence of QE on the CCE is described in Eq. 5.10. A lower CCE decreases
the mean quantum eﬃciency, QE. This experiment corresponds to Nph Bernoulli
trials with QE the probability for one photon to be detected, so that the variance
can be calculated as
V ar(Ne) = (1−QE) ·QE ·Nph. (D.13)
Including the variance of the electronic noise Varel = ENC2el yields
V artot(Ne) = V ar(Ne) + V arel. (D.14)
The total standard deviation is then
σtot(Ne) =
√
(1−QE) ·QE ·Nph + ENC2el. (D.15)
In Fig. D.6 the standard deviation, σtot(Ne), is plotted against the number of
incident photons for two quantum eﬃciencies and three electronic noise values. It
is remarkable that the electronic noise contribution becomes more pronounced with
decreasing number of incident photons.
The spectra resulting from incident light pulses, consisting of a constant number
of photons, are determined by a binomial distribution with the parameters QE and
Nph. This can be simulated by Monte Carlo methods in the following way
Ne =
Nph∑
i=1
P (QE)i (D.16)
with P (QE)i equal to 1 or 0 depending on whether the generation of a random
number, r, in the interval [0,1] is r ≤ QE or r > QE. Fig. D.7 shows the dependence
of the peak position and its standard deviation on the value of QE. A decreasing QE
value increases the distance of the peak from the value 2000, which is the number
of incident photons per pulse and the value of the standard deviation σtot(Ne). The
CCE, which is part of the QE, does not generate a shoulder on the left side of the
194
D.2. Direct detection of ultra violet and visible photons
Figure D.6.: Standard deviation for two QE values and three electronic noise values,
ENCel.
Figure D.7.: Spectra after the absorption of incident light pulses with Nph = 2000 per
pulse and three diﬀerent QE values. Each spectrum consists of 100000
detected pulses, simulated by a Monte Carlo algorithm.
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peak, as after the absorption of X-rays, but it has an impact on the peak position
and its standard deviation.
If the pulse originates from scintillation generated after an interaction of γ-rays
inside the scintillator, than the QE for scintillation photons varies from event to
event. The QE varies, due to the fact, that the position, where the scintillation
photons are generated inside the scintillator, varies frequently from event to event,
so that the angular distribution of the incident scintillation photons onto the SDD
varies too. Additionally the number of photons, Nph, reaching the SDD surface is
also varying, due to scintillator properties and scintillation photon collection inside
the scintillator. In this case the relative variance of Ne has to be expressed by Eq.
4.7, where QE is one parameter of the system quantum eﬃciency, η.
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the spatial resolution
The spatial resolution determined by the collimator and detector assembly, which is
also called geometrical resolution, is denoted by R˜g. In Fig. E.1 are the deﬁnitions
of the geometrical resolutions, R˜g and R˜
′
g, of two collimator types illustrated. The
parallel hole collimator creates a one to one relation between the γ-ray object and its
image inside the scintillator [156] and the pinhole collimator, produces a magniﬁed
or demagniﬁed image of the γ-ray object inside the scintillator [157], depending on
whether b′ < a′ or b′ > a′ . a′ is the distance of the scintillator to the pinhole and b′
is the distance of the pinhole to the γ-ray source (Fig. E.1). A certain position, P,
inside the scintillator can be reached by γ−rays emitted by an extended source inside
a certain solid angle, which is deﬁned by the collimator geometry and the detector
assemply (Fig. E.1). The geometrical resolution, R˜g (Fig. E.1), of a parallel hole
Figure E.1.: Geometrical resolutions of parallel and pinhole collimators, R˜g and R˜
′
g,
of an extended γ-ray object in the source plane.
collimator is deﬁned by [156, 158]
R˜g =
d
a
(a+ b+ c) (E.1)
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where d is the hole width, a the eﬀective hole length, c the scintillator collimator
distance and b the distance of the collimator to the γ−ray source object. The
geometrical resolution, R˜′g, of a pinhole collimator is deﬁned by [159]
R˜
′
g =
d
′
a′
(a
′
+ b
′
). (E.2)
where d′ is the eﬀective hole diameter, a′ the scintillator pinhole distance and b′
the distance of the pinhole to the γ−ray source object. Narrower holes, d, and
smaller distances of the γ-source to the collimator, b, improve the geometrical object
resolution.
The overall spatial resolution R˜, also called object resolution, is generally deﬁned
by the FWHM of the intensity distribution, generated by a moving point source at a
certain position, P, (Fig. E.1) inside the scintillator. It is a convolution of the spatial
γ−ray ﬂux distribution, due to the scintillator + collimator + source geometry
and the spatial intrinsic intensity distribution of the reconstructed image, which
is projected onto the source plane, due to ﬂuctuations generated by the detector
noise. If the spatial distributions are approximated by Gaussian distributions, their
convolution is again a Gaussian distribution.
Figure E.2.: Overall resolution of Anger cameras with parallel hole (left) and pinhole
(right) collimator for four diﬀerent intrinsic spatial resolutions R˜i = 0,
0.5, 1, 2 mm.
In the Gaussian approximation the object resolution of an Anger camera with a
parallel hole collimator is given by [158]
R˜ =
√
R˜2i + R˜
2
g (E.3)
and for a pinhole collimator by [157]
R˜ =
√(
b′
a′
R˜i
)2
+ R˜′2g (E.4)
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where b′/a′ is the magniﬁcation factor. The term ((b′/a′)R˜i)2 can be neglected only
for the case a′ >> b′. Fig. E.2 shows the object resolution for an Anger camera
with parallel (on the left) or pinhole (on the right) collimators calculated with the
formulas E.3 and E.4 for three intrinsic spatial resolutions, R˜i, values. If a parallel
hole collimator is used, the contribution of the intrinsic spatial resolution, R˜i, to the
overall resolution is larger for small distances, b, of the object to the collimator. If
a pinhole collimator is used the contribution of the intrinsic spatial resolution, R˜i,
becomes larger for increasing distances, b’, of the object to the pinhole.
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